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ABSTRACT 
Multiphase flows exist in several industries throughout the world. In 1998 in the United 
States alone, the economic value of multiphase flows was estimated to be $625 billion. 
However, the hydrodynamics and operation of multiphase flows are quite complex, and 
multiphase flow reactor design relies mostly on empirical data. In order to create process 
improvements and optimization, a better understanding of the transport and hydrodynamic 
characteristics are required. Several multiphase flow reactors are utilized in order to promote 
heat and/or mass transfer. One such type of reactor is a bubble column. There are both 
invasive and noninvasive measurement techniques that exist for studying multiphase flow 
behavior and characteristics in a bubble column. Noninvasive measurement techniques 
eliminate the possibility of the measuring device interfering with the flow behavior. One 
such technique is X-ray imaging. 
A study has been undertaken to assist with the design and construction of a large-scale X-
ray flow visualization facility and demonstrate its operation. The visualization facility must 
be constructed in such a way to allow for X-ray imaging at several different vertical locations 
of a 4.87 m tall, 32 cm diameter bubble column. In addition, the visualization facility must 
maintain the safety of those working around the facility. X-ray computed tomography (CT) 
and X-ray radiography will be used in this facility to study the bubble column with the 
overall goal of acquiring gas holdup values. Gas holdup values will be compared to those 
found currently in the literature. In addition, X-ray CT will be used to determine time-
averaged local phase distributions in several different multiphase flow systems, and X-ray 
radiography will be used to determine rising or settling velocities of various objects moving 
through a water-filled column. 
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CHAPTER 1: OVERVIEW 
1.1 Motivation 
Multiphase flows consisting of any combination of gas, liquid, and solid phases exist in 
several industries. Energy generation, fuel production, chemical production, pulp and paper 
processing, food processing, and wastewater treatment are just some examples where 
multiphase flows can be found. In fact, the economic value of multiphase flow processes in 
the U.S. alone has been estimated to be over $625 billion (Dudukovic et al., 1999). The 
hydrodynamics and operation of multiphase flows are quite complex, and the design of 
multiphase flow reactors still relies heavily on empirical correlations and laboratory 
measurements (Boyer et al., 2002). While many industries utilize multiphase flows in many 
different applications (Reese et al., 1999), a better understanding of the transport and 
hydrodynamic characteristics are needed for process improvements and optimization. 
Several types of multiphase flow reactors are utilized to promote heat and/or mass 
transfer operation. One such type is a bubble column. Bubble columns mix gas-liquid or 
gas-liquid-solid mixtures by bubbling gas through a distributor at or near the bottom of the 
column. The liquid and solid phases freely circulate through the column. If the liquid or 
liquid-solid slurry is mixed only by the action of the air passing through, the bubble column 
is considered to be a semi-batch column. If the liquid slurry is circulated by a pump, then the 
bubble column is termed cocurrent or countercurrent, depending on the direction of the gas 
relative to the other constituents. The bubble column used in this study is operated in semi-
batch mode. 
In the analysis and characterization of multiphase flows in bubble columns, one can use 
either invasive measurement techniques or noninvasive methods. Invasive techniques 
measure multiphase flow properties with the use of probes placed directly in the flow. While 
these methods may be simple, they invade the flow pattern and may potentially alter the 
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internal flow characteristics. Noninvasive techniques eliminate this concern. X-ray imaging 
is one such technique that is completely noninvasive. In this study, X-ray methods are used 
to obtain images of multiphase flows via computed tomography and radiography. This 
information can be used to improve the understanding of multiphase flows, which in turn will 
assist in the development of multiphase flow models and identify improvements in the many 
multiphase flow processes that exist in industry today. 
1.2 Goals 
This study has two main goals to help better understand the behavior of multiphase flows 
in bubble columns. The first goal is to assist in the design and construction of a large-scale 
X-ray flow visualization facility to accommodate the X-ray equipment that will be used to 
study a 4.87 m tall, 32 cm diameter bubble column. This facility must allow for imaging the 
column at several different vertical locations while maintaining the safety of those working 
with or around the facility. There must also be adequate shielding in place to protect those in 
the general vicinity of the facility from the X-rays that are present. The second goal is to 
demonstrate the operation of the visualization facility using either phantom objects or 
simplified multiphase flows. Computed tomography and radiography are both utilized in 
these demonstrations. The desired property to measure in the multiphase flow is gas holdup, 
or the volumetric gas fraction. X-ray computed tomography (CT) and radiography imaging 
are completed to determine time-averaged local gas phase distributions and rising or settling 
velocities, respectively, of several different systems. 
1.3 Acknowledgement 
The software for CT and radiography data acquisition and reconstruction was not part of 
this thesis. These necessary components were developed in a companion study (Striegel, 
2005) and are used in this thesis as tools to perform the X-ray demonstrations. 
3 
CHAPTER 2: LITERATURE REVIEW 
This chapter summarizes the relevant literature regarding bubble columns and 
noninvasive measurement techniques for multiphase flows. A brief summary is then 
presented to conclude the chapter. 
2.1 Bubble Columns 
This section contains three subsections about bubble columns. The first subsection 
discusses bubble column characteristics and operation. The second subsection summarizes 
the various multiphase flow properties that have been measured by other researchers using 
both invasive and noninvasive tests. The third subsection contains general descriptions of the 
various methods used to study multiphase flows . 
2.1.1 Characteristics of Bubble Columns 
Zahradnik et al. (1997) discussed three types of flow present in bubble columns: 
homogeneous flow, transitional flow, and heterogeneous flow. Homogeneous flow is 
characterized by small, nearly uniform size bubbles and radially uniform gas holdup. Gas 
holdup is defined as the volumetric gas fraction (c) within the multiphase flow. 
Homogeneous flow, also known as bubbly flow, contains minimal bubble-bubble interaction. 
Bubble size is therefore based on the type and design of the gas sparger. Transitional flow is 
the regime between homogeneous and heterogeneous flow. Qualities of both flows can be 
observed in this regime. Heterogeneous flow is characterized by a large distribution of 
bubble sizes and a varying radial gas holdup profile. Large bubbles form by smaller bubbles 
coalescing as they rise through the column, creating a more turbulent flow. This flow is also 
known as chum-turbulent flow due to the extensive liquid recirculation created by the large 
bubbles moving through the column. 
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The variable that distinguishes between bubbly and chum-turbulent flow, as well as 
transitional flow, is superficial gas velocity, Ug. Superficial gas velocity can be calculated by 
dividing the volumetric flow of the gas (usually expressed in L/min) by the cross-sectional 
area of the bubble column. Bubbly flow occurs at low superficial gas velocities, and 
increasing the superficial gas velocity will increase the likelihood of the bubble column 
operating either in the transitional or chum-turbulent flow regime. Krishna et al. (1993) 
compared the bubbly and chum-turbulent flows in a bubble column to the homogeneous and 
heterogeneous flows present in a fluidized bed. They used an analogous description of both 
systems to identify common hydrodynamic characteristics. 
Drahos and Cermak (1989) summarized the major conclusions found by many 
researchers in several different types of multiphase flow reactors, including bubble columns. 
At the time their study was conducted, invasive measurement methods were favored over 
noninvasive methods due to technology restraints and cost concerns. Only a few parameters 
of a bubble column such as gas and liquid flow rates, equipment geometry, and distributor 
construction can be controlled. The hydrodynamic and heat transfer characteristics cannot be 
controlled as easily as the aforementioned parameters. Such characteristics continue to be 
determined experimentally rather than using a model based on first principles. Deckwer 
(1992) also summarized in greater detail the predicted performances of bubble columns 
based on empirical models that depend solely on experimental results by previous 
researchers. 
2.1.2 Properties to Measure in Bubble Columns 
Seeger et al. (2001) pointed out that in order to create a more efficient reaction in a 
bubble column, greater interfacial area between the gaseous phase and the liquid phase is 
desired in order to maximize the residence time of the bubbles. They stated that there are 
three main properties that must be analyzed in order to properly study multiphase flow in 
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bubble columns. Those properties are gas holdup (both local and overall), local gas velocity, 
and local liquid velocity. 
Perhaps the simplest property to measure in multiphase flow within a bubble column is 
overall gas holdup, and can be estimated by observing the liquid level when no gas is present, 
and then observing the new liquid level when gas is bubbling through the column. The 
difference in height can be used to calculate the volume of multiphase flow that is in the gas 
phase. Using this method, Walmsley (1992) initially quantified gas holdup in fiber 
suspensions using semi-batch bubble columns. Su and Heindel (2003, 2004) have also 
analyzed gas holdup in a semi-batch slurry bubble column using both Nylon and Rayon 
fibers for the solid phase. They determined via pressure readings at various vertical locations 
that increasing the fiber mass fraction (C) decreased the overall gas holdup when the fiber 
mass fraction was less than a certain value. Also, increasing the fiber length reduced the 
overall gas holdup as long as C :S 1.4%. 
The radial gas holdup distribution can also be measured. Most noninvasive methods can 
determine the radial phase holdup distribution within a multiphase flow. Warsito and Fan 
(2001) obtained cross-sectional distributions of gas holdup in gas-liquid and gas-liquid-solid 
systems using electrical capacitance tomography. The details of this method are discussed in 
Section 2.2.4. The time span used in their study for averaging the gas holdup distribution 
was too short to obtain the typical well-defined parabolic distribution that is normally seen in 
time averaged radial gas holdup distribution in a bubble column. 
Another property that is analyzed that also relates directly to the gas phase is bubble size. 
Heindel (2002) used flash X-ray radiography to record bubble size in a rectangular bubble 
column. He categorized bubbles as either large (diameter greater than 10 mm) or small 
(diameter less than or equal to 10 mm) and characterized the bubble diameter distributions 
using log-normal distributions. He concluded that the presence of fibers has the greatest 
effect on the population of large bubbles in the bubble column. 
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Gas and liquid velocities are additional properties of bubble columns that researchers 
have studied. A new method of analyzing the liquid velocity for a wide range of gas holdups 
has been developed by Seeger et al. (2001, 2003) and Kertzscher et al. (2004) called X-ray 
particle tracking velocimetry (XPTV), discussed in further detail in Section 2.2.2. Gas 
velocities have been measured with particle image velocimetry (PIV) by Reese and Fan 
(1994), discussed in further detail in Section 2.2.5. 
2.1.3 Methods of Studying Bubble Columns 
As mentioned earlier, there are both invasive and noninvasive measuring methods used to 
quantify bubble column characteristics. Noninvasive measurement techniques are becoming 
more widespread among researchers since the technology is more readily available and more 
affordable. Boyer et al. (2002), Chaouki et al. (1997), Kumar et al. (1996), and Yates and 
Simons (1994) have summarized numerous types of invasive and noninvasive methods for 
analyzing multiphase flows in bubble columns and other similar reactors. A few of the 
noteworthy invasive methods will be briefly described in this subsection, while the 
noninvasive methods are covered in Section 2.2. 
One type of invasive measurement technique is a needle probe. Needle probes can be 
inserted into a multiphase flow facing the flow direction in order to pierce as many bubbles 
as possible. This technique can measure gas holdup, bubble velocity, bubble size 
distribution, and general bubble shape. Needle probes, however, have several limitations. 
Among these limitations are that the probe must be very thin compared to the average bubble 
size, large bubbles are pierced more than small bubbles producing statistical bias, and 
turbulence can cause errors (Groen et al, 1995). Using needle probes, Liu (1993) found that 
the transition between flow regimes in cocurrent bubble columns is very sensitive to the 
variation in bubble size as well as bubble coalescence. 
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Another common invasive measurement technique is hot film anemometry. This method 
is similar to the needle probe method in that an electrically heated probe is inserted into the 
flow, and the heat transfer between the probe and the liquid provides a signal for measuring 
flow properties. Gas holdup and average liquid velocities can be obtained with this method. 
This technique is limited because the liquid phase must be homogeneous in temperature in 
order to obtain accurate readings, and the solid holdup must be small. Also, the calibration 
curves need to be checked daily since sensor characteristics may fluctuate greatly. Utiger et 
al. (1999) used hot film anemometry in an airlift reactor, which operates much like a 
cocurrent bubble column except the liquid phase is circulated through a return loop powered 
only by the movement of the gas phase. They concluded that the radial gas holdup profile 
changes from flat to parabolic when the gas flow rate increases. 
Another invasive measurement technique of interest is using wall-mounted pressure 
transducers to estimate the overall gas holdup in a bubble column. The pressure difference 
between pressure taps is used to determine the gas holdup value. While the pressure taps are 
not directly in the flow field, they still must be in physical contact with the flow. Hol (2005) 
did a companion study using wall-mounted pressure transducers on the same 32 cm bubble 
column used in this study. His work focused on the overall gas holdup and the axial 
variations of gas holdup under different flow conditions. The axial gas holdup variations 
found in the top section of the bubble column from Hol (2005) are referenced as a general 
comparison to the area weighted gas holdup value determined in this study. 
Two other invasive techniques exist that are worth noting. Ultrasound probes utilize a 
piezo-ceramic disk connected to a damping device contained in a metal tube. Bubble 
characteristics can be measured based on the laws of ultrasound wave propagation in a two-
phase flow (Boyer et al., 2002). Pitot tubes are another robust and easy way to analyze 
multiphase flow, although the results obtained with this method are similar to those that can 
be obtained with wall-mounted pressure transducers. 
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2.2 Noninvasive Measurement Techniques for Multiphase Flows 
This section contains descriptions of several noninvasive measurement techniques that 
have been used to study multiphase flows in bubble columns and other reactors. Four 
techniques will be described in greater detail due to their use by other researchers and/or 
relevance to this study. Those techniques are X-ray tomography, X-ray particle tracking 
velocimetry (similar to radiography), gamma densitometry tomography, and electrical 
capacitance/impedance tomography. Each of these techniques has its own subsection. The 
last subsection will briefly mention other noninvasive measurement techniques used by 
several researchers. 
2.2.1 X-ray Computed Tomography 
X-ray computed tomography (CT) is one multiphase flow visualization method utilized 
in this study. A further description of X-ray CT and how it is used in this project can be 
found in Section 3.2. Ketcham and Carlson (2001) provided detailed descriptions of how to 
acquire, optimize, and interpret X-ray CT data. X-ray CT is a powerful, versatile technology 
for studying static objects and moving flows without invading or intruding the object or flow. 
The CT images map the variation of X-ray attenuation, which is closely related to density, 
through the object or flow. For example, in an air-water system, the density difference is 
large; the X-ray attenuation will differ by a large amount as well, allowing one to distinguish 
between air and water in the resulting image. 
Schmit and Eldridge (2004) and Schmit et al. (2004) used X-ray CT to image a two-phase 
system contained in a vapor-liquid contactor. The CT system used in this study included a 
high-energy scanner (max. 420 kV) and a low-energy scanner (max. 320 kV) and multiple 
detectors for each scanner. They used a set of test objects to verify proper operation of their 
CT system. Once proper operation was ensured, they performed tests and obtained liquid 
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holdup data and compared the values to those of a traditional system of measuring liquid 
holdup as well as model predicted values. Significant ring artifacts showed up in their 
images, and they concluded that the ring artifacts were a result of both the scanning method 
and flow fluctuations in the column. 
Hervieu et al. (2001) used a high resolution X-ray CT scanner to investigate air-water 
flows in an 80 x 80 mm2 rectangular bubble column. Their data was reconstructed using a 
Conjugate Gradient Least Squares algorithm (CGLS) method. They obtained gas holdup 
maps with the CT scanner and compared the results to those obtained with an optical probe. 
The discrepancy between the two tests did not exceed an absolute value of 2% in the core of 
the column and near the walls. However, some beam hardening effects in the corners caused 
an over-estimation of the gas holdup by as much as 6%. 
Harvel et al. (1996) used a high speed X-ray CT scanner to determine the flow regime, 
the instantaneous cross-sectional average gas holdup, and the time averaged overall gas 
holdup in an annulus flow channel operated as a bubble column. They also used a real-time 
neutron radiography (RTNR) system to verify the results, and a high speed video camera to 
verify the flow regime transitions. All three methods came to similar conclusions on the flow 
regime transitions in regards to the superficial gas velocity at which they occur. The CT and 
RTNR scans produced cross-sectional average gas holdup values within 4% of each other. 
2.2.2 X-ray Particle Tracking Velocimetry (XPTV) 
X-ray particle tracking velocimetry (XPTV) uses two X-ray sources and two 
corresponding detectors to track the velocities of either the gas, liquid, or solid phases. 
XPTV is a relatively new technique developed by Seeger et al. (2001, 2003) and Kertzcher et 
al. (2004). It involves seeding the phase of interest with X-ray absorbing particles that have 
the same density as the phase that is being measured. This allows the particles to move in the 
same pattern as the predetermined phase. This technique uses two X-ray sources and 
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detectors simultaneously to analyze a dynamic system, which is similar to a process called 
stereography. Combining two simultaneous radiographic images can produce stereographic 
images similar to XPTV. X-ray radiography is described further in Section 3.3. 
Seeger et al. (2001) used XPTV to determine the local three-dimensional liquid velocity 
in two different bubble columns. Since the liquid velocity was studied, the X-ray absorbing 
particles had the same density as that of the liquid, which in this case was glycerin. Glycerin 
has a much higher viscosity than that of water, allowing the particles to move slower and 
make them easier to track. They used a cylindrical bubble column with an inner diameter of 
110 mm and a height of 400 mm, and they operated the column at a superficial gas velocity 
of 6 mm/s which resulted in an overall gas holdup of7.5%. They generated several cross-
sectional slices of the velocity vector field and combined the slices to create a three-
dimensional map of the particle movement. Though the time and space resolutions limited 
their method to low velocity flow, their results compare favorably with other literature data 
that used different particle tracking velocimetric methods. Chaouki et al. (1997) discussed a 
few of the particle tracking velocimetric methods available at that time. Kertzcher et al. 
(2004) also used the same XPTV system as Seeger et al. (2001) to study the liquid velocity 
profile, but the reconstruction algorithm was improved in order to track and recognize more 
particles. 
Seeger et al. (2003) applied XPTV to the study of the solid phase velocity and solid 
holdup. The X-ray absorbing particles in this study had the same approximate shape and 
density as the solid phase particles used in the bubble column. The researchers believed that 
the particle size should be much smaller than the ones used to measure the liquid velocity, 
but due to spatial resolution concerns the particle size remained a cube shape with a side 
length of 2 mm. A cylindrical bubble column with an inner diameter of 104 mm and a filling 
height of 100 mm was used for this study. Glycerin was again used as the liquid phase. 
They generated a three-dimensional velocity field for the solid phase and two-dimensional 
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cross-sectional slices of the solid holdup. However, the researchers had no other results to 
compare their values to at the time, since no other method existed to verify the local solid 
velocity and local solid holdup. 
2.2.3 Gamma Densitometry Tomography 
Gamma densitometry tomography (GDT) is a method very similar to X-ray tomography 
except gamma rays are used instead of X-rays. Standard GDT measures gamma ray 
attenuation integrated along a path through the object being analyzed. A reconstruction 
algorithm can then combine the results of several GDT images and create spatially resolved 
measurements. GDT can measure spatially resolved gas holdup in a multiphase flow. 
Shollenberger et al. (1997) used a GDT system to measure gas holdup variations in a 0.19 
m inner diameter (ID) Lucite column and a 0.48 m ID stainless steel vessel. The gamma ray 
source and detector moved transversely together to analyze a cross-section of the column. 
They obtained graphs of the attenuation coefficients through both columns and then 
calculated the radial distributions of gas holdup. While both columns had a parabolic profile 
for the radial gas holdup with the holdup lowest near the walls, the larger column had a 
flatter profile. However, different sparger types were used in the two columns. 
Kumar et al. (1 997) used GDT to study the effects of column diameter, superficial gas 
velocity, and distributor type on the overall gas holdup and radial gas holdup distribution. 
Five different diameter bubble columns were used (0.102, 0.14, 0.19, 0.26, and 0.30 m) using 
air and tap water for the gas and liquid phase. Four different superficial gas velocities (0.02, 
0.05, 0.08, and 0.12 mis) were used for each column. After several tests using GDT, they 
concluded that the effect of column diameter on the value of gas holdup can be neglected if 
the diameter is greater than 0.15 m. The radial gas holdup profiles changed from a flatter 
distribution to a parabolic shape as column diameter or superficial gas velocity was 
increased. 
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Kemoun et al. (2001) used GDT to study the effects of superficial gas velocity and 
pressure variations on gas holdup in a 16.2 cm diameter pressurized bubble column. 
Tomographic scans were taken at three pressures (0.1, 0.3, and 0.7 MPa) and four superficial 
gas velocities (2, 5, 12, and 18 cm/s). The researchers concluded that gas holdup increased 
with pressure except at low superficial gas velocities (below 5 cm/s). Also, gas holdup 
increased as the pressure in the bubble column increased. They developed correlations and 
then performed an error analysis to see how their results compared with other researchers. 
Their results had deviations of up to 300% from some of the other researchers. 
George et al. (2001) used GDT in combination with electrical impedance tomography 
(EIT) to measure the solid, liquid, and gas radial distributions in a 19.05 cm diameter bubble 
column. The EIT measurement was performed at a height to diameter (z/D) ratio of 4.3, 
while two GDT measurements were made at z/D = 3.7 and z/D = 4.9. In this way, the two 
measuring techniques could operate near each other without interference. Air and deionized 
water with added electrolytes were used for the gas and liquid phases, but the solid phase 
consisted of either glass particles or polystyrene particles. The solid volume fraction ranged 
as high as 0.30, and the superficial gas velocities studied varied from 2-30 cm/s. They 
concluded that the gas distribution was relatively insensitive to the solid volume fraction. 
Graphs were generated showing the volume fraction of each phase over the normalized radial 
location for the variations in both superficial gas velocity and solid particle type. The 
widespread results from all of the researchers emphasized the need for an accurate model for 
predicting gas holdup. 
2.2.4 Electrical Capacitance/Impedance Tomography 
Electrical capacitance tomography (ECT) and electrical impedance tomography (EIT) use 
similar technology to measure electrical properties of a multiphase flow. This information 
can be interpreted to determine phase distributions. Both techniques use several electrodes 
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that contact the flow to make measurements, and more electrodes allow for more 
measurements and higher spatial resolution. ECT images permittivity variations in very low 
or non-conductive materials, while EIT injects current directly into the bulk phase to make 
measurements, so the bulk phase must be electrically conductive and make contact with the 
electrodes (Tapp et al., 2003). While ECT and EIT can generate images quickly, the spatial 
resolution is not as high as that of X-ray or gamma-ray tomography and the results are 
sensitive to the reconstruction algorithm (Dyakowski and Jaworski, 2003). 
Warsito and Fan (2001) used ECT to measure the real-time cross-sectional distributions 
of gas holdup in both gas-liquid and gas-liquid-solid flows in a 10 cm diameter bubble 
column. They studied the effects of superficial gas velocity and solid mass fraction on the 
bubble flow structure of the column. They noticed that as the superficial gas velocity 
increased, more bubbles were observed and the rocking spiral motion of the bubbles became 
more intense. Also, the rate of bubble breakup and bubble coalescence increased with higher 
superficial gas velocity. When a 5% solid mass fraction was added to the bubble column, the 
researchers observed that the spiral bubble motion increased but the bubbles were less 
spherical and smaller. This was attributed to more bubble breakup from the solids, and 
resulted in the bubbles being more dispersed throughout the column. The researchers 
developed this technology further and analyzed both bubble columns and fluidized beds in a 
later work (Warsito and Fan, 2003). 
Schmitz and Mewes (2000) used ECT to measure gas holdup in a 31.5 cm diameter 
pressure vessel operated as a bubble column. The vessel had five different possible locations 
for the ECT sensor, but it also had pressure taps built into the sides of the vessel in order to 
take differential pressure readings. These pressure readings were used to calculate the gas 
holdup, which was then used to compare to the results generated by the reconstructed ECT 
images. The overall gas holdup measured over time matched qualitatively and quantitatively 
over a 20 s time frame. They also compared the volumetric gas holdup for three different 
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cross sections to verify their assumption that the wires of the sensor did not interfere with the 
two-phase flow. The resulting graph over time showed the three sections matched very 
closely, confirming their assumption. 
Bennett et al. (1999) used ECT to determine the flow regime in a 5.6 cm diameter bubble 
column. They wanted to distinguish between bubbly and chum-turbulent flow in the ECT 
images in several column setups (such as different spargers and different heights between the 
sparger and the sensor). Video was taken of the column at different flow rates and compared 
to the ECT tomograms. When a filter-cloth sparger of 0 ppm was used, a noticeable 
transition occurred at a superficial gas velocity of 0.5 cm/s. A large bubble was seen in the 
video image, and a dark spot was seen in the ECT image where the bubble was located. 
However, when a filter-cloth sparger of 32 ppm was used, no noticeable transition existed. 
They also obtained approximate radial gas holdup distributions at different vertical locations 
in the bubble column. 
2.2.5 Other Imaging Techniques 
Perhaps the simplest type of noninvasive imaging technique is cinematography, or in 
other words, videotaping the flow in a bubble column. However, this technique is very 
limited and does not produce very useful results. The column must be made of a transparent 
material and must have a small diameter in order to use cinematography. Gas holdup would 
be very difficult to calculate since only the bubbles near the column walls would be easy to 
see. A chum-turbulent flow in a clear column can become opaque rather quickly. If the 
study on a bubble column was limited to flow behavior at or near the walls, then 
cinematography could be utilized. Xie et al. (2004) used a high speed digital video camera to 
capture images of foam bubbles against the wall of an 8 cm diameter transparent bubble 
column. They were only measuring foam bubble size and distribution, so video images were 
sufficient. They used distributors with different size orifices and different concentrations of 
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surfactants to study how they affected the foam bubble size. They concluded that the average 
bubble diameter increased when the orifice diameter decreased and the concentration of 
surfactant decreased. This was attributed to increased bubble coalescence. 
A more advanced form of cinematography is a technique known as particle image 
velocimetry (PIV). This measurement technique uses a high-speed camera in conjunction 
with lasers to illuminate the seed particles that are moving in a multiphase flow. The seed 
particles scatter the light in such a way that the resulting image is a projection of the particle 
location. When several frames are taken and combined, the resulting movie can determine 
the approximate velocity of the phase that the particles are representing. Upatnieks et al. 
(2002) used cinemagraphic PIV to acquire time-resolved images of gas and liquid phase 
flows in a turbulent jet apparatus. They used a 16 mm high-speed rotating prism camera with 
two frequency-doubled Nd:Y AG lasers to illuminate the ceramic alloy particles. Their setup 
was capable of recording 8000 PIV images per second. They graphed a velocity vector field 
on top of the images that they acquired and highlighted the path of one certain particle to 
demonstrate that they could successfully determine the x and y components of its velocity. 
Another noninvasive measuring technique is laser Doppler anemometry (LDA). The 
Doppler effect occurs when there is a change in the :frequency of a wave motion due to the 
relative motion of the wave source and/or the wave receiver. LDA uses the Doppler effect to 
gather noninvasive measurements of phase velocity, particle size, and phase concentration. 
Laser beams are scattered by the components of a multiphase flow system and are detected 
by a light detector. Particle movement creates moving receivers for the laser source and 
moving sources for the light detector, resulting in Doppler shifts (Chaouki et al. , 1997). 
Kulkarni et al. (2001) used LDA to determine axial liquid velocity and radial gas holdup in a 
15 cm diameter bubble column. Two superficial gas velocities were analyzed (16.6 and 38.2 
mm/s). Two laser beams were used for the analysis, but measurement became difficult when 
a bubble crossed a beam and disturbed the laser intersection. In their instantaneous axial 
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velocity results, the researchers identified the times when a bubble crossed the path since no 
measurements resulted at that time. They graphed the measured radial gas holdup and local 
axial liquid velocity versus the non-dimensional radius and compared their results from the 
38.2 mm/s superficial gas velocity study to that of two other researchers who performed 
similar work with different measuring techniques. The average error was less than 0.83% 
between the different studies. 
Another noninvasive technique that utilizes computed tomography is ultrasonic computed 
tomography (UCT). In order for ultrasound to be used properly, it must penetrate through a 
medium such as a multiphase flow in a bubble column. The attenuation through the medium 
can be measured and then interpreted to calculate the physical properties of the medium such 
as density. Warsito et al. (1999) and Utomo et al. (2001) used UCT to calculate the cross-
sectional distributions of the gas and solid holdups simultaneously in a 14 cm diameter 
bubble column. Their measurements determined general trends of the gas holdup and 
particle distributions within the bubble column. They determined that the change in the gas 
holdup profile depended on the superficial gas velocity, the mass fraction of the solid, and 
the solid particle diameter. 
The noninvasive techniques highlighted in this section are a sampling of the numerous 
techniques available to researchers today. While the techniques mentioned here have been 
used many times by several researchers, the techniques not mentioned have still produced 
valuable results. For a brief description of some of the other techniques along with a list of 
researchers who have used them, please see Chaouki et al. (1997) and Boyer et al. (2002). 
2.3 Summary 
Bubble columns are useful devices in multiphase flow applications. Numerous studies 
have been performed on multiphase flow hydrodynamics and behavior inside bubble 
columns. The methods used range from simple probes inserted into the flow to complex 
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devices that use high speed cameras and lasers to study the flow from outside the column. 
Invasive measurement techniques can alter internal flow characteristics that may result in 
inaccurate data. Noninvasive measurement techniques continue to be improved as the 
technology becomes more advanced. Table 2.1 contains a summary of the comparisons 
among the different noninvasive measurement techniques for multiphase flows. Note that 
most of the information from this table came from Boyer et al. (2002). The work described 
in this thesis includes using X-ray computed tomography and radiography, two noninvasive 
measurement techniques that allow for further study of multiphase flows. 
Table 2.1: 
Technique 
X-ray CT 
XPTV 
GDT 
ECT/EIT 
Cinematography 
PIV 
LDA 
UCT 
Comparisons among the noninvasive measurement techniques for multiphase 
flows (adapted from Boyer et al. (2002)). 
Expected Results Limitations Spatial Resolution Temporal Resolution 
X-ray absorption 
Phase holdup, distribution differences needed < Imm minutes 
Low velocities, low gas 
Phase velocity, holdup holdup, image frequency mm minutes 
Price, high power required 
Phase holdup, distribution for large solid holdup < Imm minutes 
No reliable reconstruction 
Phase holdup, distribution algorithm avai lable cm milliseconds 
Wall region only, 
Flow behavior near walls transparent wall and liquid mm minutes 
minutes (with no 
Gas, liquid velocity fields Low gas holdup mm velocity fluctuations) 
Transparent liquid, low gas 
Liquid velocity, gas holdup holdup < Imm seconds 
Phase holdup, distribution Low solid and gas holdup mm minutes 
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CHAPTER 3: EXPERIMENTAL METHODS 
This chapter has three main sections. The first main section describes the bubble column 
used in this study and contains details of its operation. The remaining two sections describe 
X-ray computed tomography (CT) and X-ray radiography, respectively, by providing further 
descriptions of each method and explaining how these noninvasive measurement techniques 
are applied to this study. 
3.1 Bubble Column Operation 
The bubble column used in this study is constructed of four 1.22 m tall sections of 32.1 
cm ID cast acrylic that are bolted together. A schematic of the bubble column is shown in 
Fig. 3.1 and a picture of the bubble column is shown in Fig. 3.2 (All figures in this thesis are 
located at the end of their respective chapter). The column shown in Fig. 3.2 was relocated 
to the X-ray vault for this study. In Fig. 3 .1, the dimension denoted by "H" represents the 
height at which the bubble column is filled with water for this study, which in this case is 
equal to the distance often column diameters, or 321 cm. Water used throughout this study 
is tap water. Air is provided from the compressed air in the building where the X-ray facility 
exists. Three mass flow meters are used to measure the gas flow rate to allow for a low, 
medium, and high gas flow rate range. The air runs through one of the three flow meters and 
then into the bottom of the column (of diameter D) where it enters the liquid region through a 
distributor plate. The stainless steel distributor plate contains N = 953 holes that have a 
diameter d0 = 1 mm , resulting in an open area A= 0.95%, which is calculated by 
(3 .1) 
In Fig. 3.2, eleven pressure taps are shown running vertically along the column. While 
the pressure taps were removed for this study and replaced with acrylic plugs, another study 
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using this bubble column was performed by Hol (2005) using the pressure taps inserted into 
the side of the column. Hol recorded local pressure differences, from which axial gas holdup 
variations were recorded. He varied superficial gas velocity, solid mass fraction, solid type, 
and distributor plate open area to investigate how those factors affected overall gas holdup. 
His study contains much more information about the bubble column and its operation. The 
remaining information in this subsection contains what is relevant to the current study. 
In this study, air-water and air-water-fiber systems are analyzed. The fibers used in this 
study are either Rayon or hardwood cellulose fibers. The Rayon fibers are 3 mm long and 
20.6 microns in diameter. The hardwood fibers come from eucalyptus trees and have a 
length-weighted average length of 0. 78 mm. When fiber is added to the column, the amount 
added is referred to by mass fraction, or fiber concentration (C). The dry fiber mass, Mf, 
required for a specific fiber mass fraction is determined by 
Mr= VP1PrC 
pf + C(p I - pf) 
(3.2) 
The dry density of the fiber phase, pr, is assumed to be 1500 kg/m3 for both Rayon and 
cellulose fiber. The liquid density, pi, is assumed to be 1000 kg/m3 for all experiments. In 
this study, mass fractions of0.1 %and1.0% are used. The fiber is measured and prepared for 
use in the bubble column via methods described in Hol (2005). 
3.2 X-ray Computed Tomography (CT) 
This section has two subsections. The first subsection contains some basic facts about X-
rays and describes X-ray computed tomography (CT) in general. The second subsection 
contains a description of the X-ray equipment used in this study, and describes how X-ray 
CT is utilized in this study. 
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3.2.1 X-ray Background and X-ray CT Description 
X-ray computed tomography (CT) is a nondestructive evaluation method that utilizes the 
relatively good penetrability of X-rays to reconstruct an image of a cross-sectional plane, or 
slice, through a test object. The reconstructed image displays a relative measure of the linear 
attenuation coefficients(µ) , which is proportional to the density of the test object. This map 
of values can determine the internal characteristics of the test object. The remaining 
discussion in this subsection will include a summary on the basics of X-rays and X-ray CT. 
X-rays are photons of high energy electromagnetic radiation that are produced via 
extranuclear processes involving electrons. X-rays are produced in one of two ways. The 
first method occurs when an electron is rapidly accelerated or decelerated as it enters the 
electrical field of a nucleus. When this happens, the electron is deflected away and emits a 
photon in the form of an X-ray. This type of X-ray is defined as bremsstrahlung, which is 
German for "braking radiation". The second method occurs when electrons transition 
between atomic orbits. The electrons emit photons in the form of X-rays with an energy 
level equivalent to the difference in energy states from the beginning and end of the 
transition. These X-rays contain a distinct energy for each particular element and are called 
characteristic X-rays. Both types of X-rays are produced in an X-ray tube. 
The X-rays generated within an X-ray tube travel towards the test object and transfer 
their energy by chance encounters with bound electrons or atomic nuclei within the test 
object. These chance encounters eject energetic electrons from the atom that was struck. A 
chain reaction of direct ionization occurs through the test object. Since the encounters 
between photons and atoms are by chance, a finite probability exists that a given X-ray will 
pass completely through the test object. This probability depends on many factors, most 
notably the X-ray energy and the test object's composition and thickness. This is why object 
density is an important factor in X-ray imaging analysis. 
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Three quantities have been defined to describe and measure X-ray radiation. These 
quantities are exposure, absorbed dose, and dose equivalent. Exposure is a measure of the 
strength of a radiation field at some point, and the most commonly used unit of exposure is 
the "roentgen" (R). Absorbed dose is the amount of energy absorbed by a given mass of a 
material due to X-ray radiation. The most common unit of absorbed dose is the "rad" which 
is defined as a dose of 0.01 mJ of energy per gram. Dose equivalent is the absorbed dose 
multiplied by "quality" and "modifying" factors that are based on the potential biological 
damage from X-ray radiation. Dose equivalent is used to determine potential risk to human 
health, which makes it the most practical quantity when discussing the safety of the X-ray 
imaging structure in this project. The unit of dose equivalent is the "rem" or the more 
commonly used "millirem". Dose equivalent can also be expressed as a rate with units of 
rem/hr or millirem/hr. The average whole body dose equivalent of ionizing radiation in the 
U.S. is between 100-250 mrem/person/year. Indoor radon exposure in older houses is the 
greatest source of ionizing radiation, since it can provide a dose equivalent up to 200 
mrem/yr. Other major sources of ionizing radiation include cosmic rays, terrestrial radiation, 
and even radioactivity within the body. 
X-ray computed tomography (CT) takes advantage of X-ray physics to provide 
quantitative densitometric (density and geometry) images of thin cross sections through a test 
object (ASTM, 1997). This nondestructive method allows the user to visualize the internal 
structure of the object by interpreting the resulting digital map of the X-ray linear attenuation 
coefficient(µ). The linear attenuation coefficient is a measurement of the local instantaneous 
rate at which X-rays are removed during the CT scan from the incident X-ray radiation as it 
travels through the test object. Figure 3.3 shows the difference between X-ray CT and 
radiography by the type of image that is produced using both methods. It is easier to 
determine the geometric shapes and the location of the cavity within the cylinder by X-ray 
CT than by radiography. 
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In order to take a complete X-ray CT scan, images must be taken from different positions 
around the test object. These X-ray images are then reconstructed through various 
algorithms, backprojection being one of them. Backprojection involves projecting each view 
back along a line that corresponds to the direction in which the X-ray image was originally 
taken. When enough images are combined, a reliable reconstruction is generated. 
Obviously, more radial positions and more images provide a more accurate reconstruction. 
X-ray CT is performed in one of four possible methods, or "generations" (ASTM, 1997). 
The first two generations of X-ray CT involve the use of pencil beam X-ray sources, which is 
an X-ray source that generates a thin ray of X-ray radiation. First-generation X-ray CT 
involves one pencil beam X-ray source and one detector. The source and detector translate 
perpendicular to the test object in order to scan the entire width of the object, and then either 
the source and detector or the test object rotates slightly and the process repeats. Second-
generation X-ray CT uses the same methods as first-generation X-ray CT except that 
multiple pencil beam X-ray sources and multiple detectors are used. This method saves 
some time compared to first-generation X-ray CT. Third-generation X-ray CT uses one X-
ray source with a fan beam and either one large detector or an array of small detectors. A fan 
beam X-ray source spreads out X-ray radiation in a fan shape in order to image more of the 
test object at one time than a pencil beam source. No translation of the source or detector is 
necessary in this method. Finally, fourth-generation X-ray CT uses one X-ray fan beam 
source with a stationary array of detectors surrounding the X-ray source and test object. 
Only the X-ray source moves in this mode of X-ray CT. 
The linear attenuation coefficient map generated by CT serves a very useful purpose; it is 
proportional to material density, but the coefficient value also depends on the energy of the 
X-ray, which is a function of the material composition. Also, artifacts of the reconstruction 
process can occur in X-ray CT scans. These artifacts can provide misleading results when 
left unresolved. A common artifact is beam hardening, which occurs when polychromatic X-
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ray sources (such as X-ray tubes) are used. The average energy of the X-ray radiation 
increases as it passes through the test object since lower energy photons are absorbed by the 
test object. Since the linear attenuation coefficient is partially based on the energy of the X-
ray, the coefficient becomes based on an average energy that is changing. Steps can be taken 
in the reconstruction process to resolve beam hardening and other imaging artifacts. Once a 
set of slices has been completely reconstructed, the slices can be stacked together to create a 
three-dimensional image. 
3.2.2 X-ray CT Applications in This Project 
Third-generation X-ray CT is utilized in this project. Figure 3.4 shows one of the X-ray 
sources and both image intensifiers (X-ray detectors) in the imaging room. The second X-
ray source is out of view in Fig. 3.4. This picture was taken during the installation of the X-
ray equipment in the imaging room. The laser level standing in the center of the ring projects 
a 360° laser beam that was used to ensure that the X-ray source beam outputs and the image 
intensifier screens were aligned center-to-center. The X-ray sources generate a 60° 
horizontal and 40° vertical conical beam from the 1.5 mm focal spot through a 1 mm 
beryllium window. A 2.86 cm (1.1 ") diameter collimator is mounted on each X-ray source to 
limit the beam that is emitted from the tube window to the size of the bubble column. 
Additional lead shielding is placed behind the tube anode to shield against the X-ray 
radiation that reflects directly from the collimator. Only one source and image intensifier is 
used during X-ray CT. The source and image intensifier rotate 360° around the object of 
interest, and images are taken every 1 ° along the path. The control center for operation of the 
X-ray flow visualization facility is shown in Fig. 3.5. 
The X-ray sources are LORAD LPX-200 Portable Industrial X-ray Units. These X-ray 
tubes can generate X-ray potential up to 200 kilovolts (kV) and tube current up to 10 
milliamps (mA). The maximum allowable power is 900 watts. The sources are cooled by 
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individual cooling units that pump a mixture of methanol, water, and oil, and these cooling 
units are constantly pumping coolant during the X-ray imaging operation. The control units 
for these X-ray sources are shown in Fig. 3.6. The safety key must be inserted into the 
keyhole and turned to the "ON" position in order to generate X-rays. The coolant pump 
switch must be turned on in order to see the LCD displays. A yellow light illuminates next to 
this switch when it is turned on. After a sufficient warm-up time, the X-ray units can be 
powered on using the "X-ray On" switches as long as all of the interlocks allow it (see 
Section 4.1 for a description of these interlocks). The potential and current can then be 
adjusted by the user from these control units. A stop button is present on each unit. The 
cables leading from the side of the control units are marked in Fig. 3.6. 
The X-ray detectors are Precise Optics PS164X image intensifiers (shown in Fig. 3.4). 
The intensifiers have a 40.6 cm (16") diameter input screen with an output image diameter of 
3.5 cm (1.4"). These image intensifiers are scintillation detectors (ASTM, 1997) that contain 
thin phosphor screens that emit visible radiation when exposed to X-rays. This visible 
radiation is converted to an electrical signal that is processed by the image intensifier and 
read by the CCD camera attached to the intensifier. The camera then inputs the image to the 
computer located outside the vault. The CCD cameras are DVC-1412 Monochrome Digital 
Cameras. These cameras have a pixel size of 6.45 µm x 6.45 µm and an active pixels area of 
1388(H) x 1024(V). The cameras have binning capabilities of 1 x 1 at 10 frames/second 
(fps), 2 x 2 at 20 fps, 4 x 4 at 40 fps, and 8 x 8 at 60 fps. A Precise Optics P1002-4000 
motorized lens is used in order to focus the image from the image intensifier output window 
to the CCD camera. For more information on the CCD camera operation, refer to Striegel 
(2005). 
X-ray CT scans have been taken of both static and dynamic test objects using the X-ray 
equipment described above. Section 5.1 contains some of these demonstrations. X-ray CT is 
a useful method for the noninvasive study of the internal structure and/or behavior of a test 
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object. X-ray CT provides time-averaged results of phase distributions for multiphase flow 
in a bubble column. In order to study other factors of multiphase flow such as bubble motion 
and velocity, a different X-ray technique known as X-ray radiography can be used. 
3.3 X-ray Radiography 
This section also has two subsections. The first subsection describes the basics of X-ray 
radiography. The second subsection describes how X-ray radiography is applied in this 
project and its potential to produce stereographic results. 
3.3.1 X-ray Radiography Description 
X-ray radiography is based on the same principles as X-ray CT. However, X-ray 
radiography captures an image of the test object rather than a horizontal cross-section, as 
indicated in Fig. 3.3. The image intensifier and CCD camera system process the linear 
attenuation coefficient values of the X-ray radiation from the X-ray source, similar to X-ray 
CT. X-ray radiography can be considered a "snapshot" of the test object, which is especially 
useful when analyzing dynamic systems. In multiphase flows, X-ray radiography has been 
used to study such things as the interior of fluidized beds and bubble size distribution and 
velocity (Chaouki et al., 1997). 
The key to a good X-ray radiographic study is a fast frame rate. When more images can 
be taken per second, there is a greater likelihood that particle and/or bubble movement within 
a multiphase flow can be observed. If the frame rate is fast enough, it is possible to track the 
movement of a certain particle or bubble by a careful study of each image. This technique is 
the basic principle behind X-ray Particle Tracking Velocimetry (XPTV) as described in 
Section 2.2.2. 
Another advantage of X-ray radiography is the potential to develop stereographic images. 
When two radiographic images are taken simultaneously from two different positions via two 
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different X-ray sources and detectors, a three-dimensional image can be resolved. Tracking 
the three-dimensional velocity path of a moving object within a bubble column is possible 
with stereography. 
3.3.2 X-ray Radiography Applications in This Project 
X-ray radiography has been developed in this project for the future development of X-ray 
stereography. Stereographic imaging is the reason that two X-ray sources and two image 
intensifiers have been installed in the X-ray flow visualization facility. The two X-ray 
sources are spaced 90° apart to allow for optimum X-ray stereography while keeping the 
crosstalk among the X-ray equipment at a minimum. Crosstalk occurs when an X-ray 
detector receives X-ray radiation from an X-ray source other than the one directly opposite 
itself. Crosstalk generates inaccurate results since the measure of the incident X-ray 
radiation would no longer be limited to what was attenuated through the test object. 
Additional steps were taken to limit crosstalk as discussed in Section 4.3. 
X-ray radiographic images were taken of objects falling through the center of a water-
filled column and air bubble rising through a water-filled column. Some of these images and 
resulting discussions are located in Section 5.2. The radiographic images provide 
information such as the object or bubble location, size, and velocity. For more information 
on the acquisition of the radiographic images, refer to Striegel (2005). 
Figure 3.1 : 
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Figure 3.4: Installation of X-ray imaging equipment. 
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CHAPTER 4: EXPERIMENTAL DESIGN 
This chapter contains four main sections. The first section describes the outer structure 
of the X-ray flow visualization facility, known as the X-ray vault, as well as the safety and 
security features that have been installed. The second section describes the slewing ring 
system and its various support equipment. The third section describes the X-ray equipment 
supports that were designed in this study. The fourth section describes the vertical lift system 
designed in this study, which was used to elevate the bubble column. An overall schematic 
of the X-ray visualization facility along with pictures of the imaging room and the vertical 
lift can be found in Fig. 4.1. For a detailed list of the various items contained in the 
Solidworks schematic in Fig. 4.1, refer to Appendix A. 
4.1 X-ray Vault 
The X-ray vault consists of the supports and lead shielding necessary to support the X-ray 
testing area and maintain safety in the laboratory. The supports and shielding for the X-ray 
vault were designed by a professional structural engineer. The safety interlocks and security 
cameras were selected and installed in this project and are described in more detail in this 
section. The designed safety interlocks meet OSHA standards and have been certified by the 
department of Environmental Health and Safety at Iowa State University. 
The vault stands approximately 6.1 m (20 ft) tall, as can be seen in Fig. 4.2. The floor of 
the imaging room is 3. 7 m (12.1 ft) off the laboratory floor. The roof of the imaging room 
can be accessed by a ladder on the opposite side of the imaging room entrance. The imaging 
room is 4.2 m (13.8 ft) wide and 3.7 m (12.1 ft) long. A 1.2 m (4 ft) wide by 2.2 m (7.2 ft) 
high lead-lined sliding door is installed at the entrance to the imaging room. A 0.9 m (3 ft) 
wide by 2.1 m (7 ft) high hinged door is installed at the ground level. This hinged door is 
referred to as the "front" door. The thickness of the lead in the sliding door, as well as the 
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lead-lined plywood walls, ceiling, and floor of the imaging room, is 4.76 mm (3/16"). The 
shielding in the lead-lined plywood walls and the door at ground level is 3.97 mm (5/32"). 
There is an additional section installed on the roof of the imaging room that is 1.1 m (3.5 ft) 
high with a 0.2 m x 0.2 m (2 ft x 2 ft) cross section that allows the bubble column to extend 
through the roof of the imaging room. This section is also built from lead-lined plywood 
with 4.76 mm (3/16") thick lead and is referred to as the "chimney". Near the ground level 
there is a small extension from both sides of the wall of the X-ray vault called the "pass box" 
which can be seen in Fig. 4.3 . The pass box is an area for the cords that come from the 
devices on the slewing ring to pass through the vault so they can be connected to their 
appropriate devices outside the vault. The pass box is composed of the same lead-lined 
plywood as the rest of the X-ray vault. It is open at the bottom so the cords pass through the 
bottom of the box inside the vault, then up through the slot in the wall, and back down 
through the other side. There is enough slack on the cords inside the X-ray vault such that 
the cords do not have to slide back and forth in the pass box. 
Both the sliding door and front door must be completely closed in order for the X-ray 
sources to generate X-rays. A safety interlock is installed on each of these doors as well as 
across the ladder that leads to the roof of the imaging room. Figure 4.4 shows pictures of the 
three interlocks and their approximate location on the X-ray facility schematic. The sliding 
door safety interlock (Fig. 4.4a) has a copper key installed on the sliding door and a switch 
installed on the wall next to the door. When the door is completely closed, the copper key 
closes the circuit contained within the switch. The circuit must be closed in order for the X-
ray sources to generate X-rays because all X-ray current travels through the copper key. 
Also, the sign that says "X-ray In Use" lights up when the X-ray sources are powered up. 
The power to the X-ray source coolant pumps and the sign to the left of the switch also run 
through this circuit. If the sliding door was opened while X-rays were being generated, not 
only would the X-ray generation stop, but the coolant pumps would completely shut down. 
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The ladder interlock (Fig. 4.4b) is a Radio Shack Invisible Beam Entry Alert device. An 
infrared beam is emitted from the source and then bounced back by a reflector. If any object 
or person moves in the beam path, the interlock is tripped. When this interlock is tripped, the 
X-ray sources will be unable to generate X-rays or will stop generating X-rays, but the 
coolant pumps will continue to operate. The front door safety interlock (Fig. 4.4c) is an STI 
T2007 safety switch, which is also a key and switch interlock. The key is installed on the 
door and the switch is installed on the frame. Closing the door also closes the circuit. When 
this door is opened, the X-ray sources will be unable to generate X-rays or will stop 
generating X-rays, but the coolant pumps will continue to operate. 
The three interlocks are all wired into an NSI XSafe X-ray interlock device, which can be 
seen in Fig. 4.5a. This device monitors the two X-ray source controllers and coolant pumps 
and interfaces with the three safety interlocks. There are six buttons on the right side of the 
device. The top button ("Start") will illuminate only if the front door and sliding door are 
closed and the interlocks are secured. In order to generate X-rays, the top button must be 
pressed when illuminated. Immediately after the button is pressed, the next button is 
illuminated for ten seconds and a warning sound is emitted during this time. Also, the lights 
begin flashing on the emergency stop box inside the imaging room, as seen in Fig. 4.5b. 
During this ten second interval, a person could stop the X-rays from being generated by 
opening one of the two doors, crossing the infrared beam on the ladder, or pressing the large 
stop button on the emergency stop box. If the ten second interval passes without an 
interruption, the third button on the XSafe box is illuminated for thirty seconds. During the 
thirty second interval is the only time the X-ray sources can be turned on. The "X-ray On" 
switch on the control units shown in Fig. 3.6 must be pressed during this thirty second 
interval. If the operator fails to tum on the X-ray source at this time, the whole process must 
be repeated. 
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The lead shielding that is installed throughout the vault shields the surrounding area from 
X-ray radiation. The vault undergoes an X-ray survey every six months by a certified X-ray 
radiation specialist from Iowa State University's department of Environmental Health and 
Safety. This survey tests the area surrounding the X-ray vault to see if any radiation leaks 
can be detected. After the first test was performed, additional lead shielding was added 
around both doors. Also, additional shielding was placed behind the X-ray tubes, which is 
described in Section 4.2. Subsequent tests revealed that no more additional shielding was 
necessary. As mentioned in Section 3 .2.1, the amount of ionizing radiation a person receives 
each year from their natural surroundings in the U.S. is between 100-250 mrem/year. The 
highest measured radiation directly outside of the X-ray vault was measured to be 10 
µrem/hr, or 0.01 mrem/hr. 
Security cameras have also been installed in the X-ray vault. Four Radio Shack SLC-143 
weatherproof cameras are installed in different locations inside and outside the vault. The 
cameras are connected to a Radio Shack SLM419 surveillance monitor. Figure 4.6 shows 
one of the cameras (Fig. 4.6a) and the surveillance monitor (Fig. 4.6b ). Intercom capabilities 
exist with all four cameras and the surveillance monitor. One camera is attached to the 
southwest comer of the ceiling in the imaging room. The range of this camera captures all of 
the X-ray equipment and supports, allowing visual observation of the equipment while being 
operated without risking exposure to the X-rays. Another camera is attached to the west wall 
outside of the vault that can visualize the roof area above the imaging room. Almost all of 
the walking area on the roof can be seen as well as the ceiling area above the chimney. The 
final two cameras are contained in the bottom portion of the vault below the imaging room. 
These cameras are intended for observation of the multiphase flow in the bubble column and 
ensuring that there are no water leaks from the column. 
The X-ray vault has been designed in such a way to ensure that those working with or 
near the X-ray devices are safe from any radiation. It also allows those who are using the X-
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ray flow visualization facility to safely monitor the bubble column and the X-ray equipment 
while they are in operation. 
4.2 Slewing Ring System 
In order to perform complete CT scans with one X-ray source and one image intensifier, 
either the object being analyzed or the X-ray equipment must be rotated in a 360° path. The 
bubble column cannot be rotated while it is operated since it needs to be stabilized, especially 
when high superficial gas velocities are being used. Therefore, it was determined that the X-
ray equipment should rotate around the bubble column. Images are required at user-specified 
angular increments (e.g., 1 ° in the 360° path), and the motion must be repeatable. A common 
starting and stopping point was necessary, and the ring could not continue rotating in the 
same direction due to the cords that run down the inside edge of the ring. This section 
contains a description of the components of the slewing ring system, discusses how these 
issues were addressed, and describes the additional equipment needed to power the slewing 
nng. 
Figure 4.7a shows the slewing ring before any of the X-ray equipment was installed. The 
equipment support structures are highlighted here, but are discussed in further detail in 
Section 4.3. Figure 4.7b shows a closer view of the pinion gear that drives the slewing gear 
and highlights the three pieces that make up the slewing ring. The mounting ring serves as 
the connection piece between the rotating slewing gear and the fixed structure below. The 
slewing gear is anchored to the mounting ring on the inner fixed track of the gear, but the 
outer track is attached to the mounting plate and is free to rotate. The mounting plate 
connects the slewing gear with the X-ray equipment and supports. 
The mounting ring is 7.62 cm (3") thick steel, and has an outer diameter of 146.7 cm 
(57.8") and an inner diameter of 98.4 cm (38.8"). The mounting ring has a small section cut 
out of the outside diameter where the pinion gear is mounted, as shown in Fig. 4.7b. There 
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are 32 equally-spaced bolts that connect the mounting ring to the fixed portion of the slewing 
gear, and 20 equally-spaced bolts that connect the mounting ring to the fixed structure below 
it. This structure is nicknamed the "telephone box" since its shape represents a telephone 
booth. 
The slewing gear is custom made by Rotek Inc. (Aurora, OH), who also provided the 
mounting ring and mounting plate. The slewing ring is a Series 2100 model with chrome 
alloy steel load-carrying balls separated by spacers to prevent ball-to-ball friction. The 150-
tooth gear has a 127.0 cm (50") pitch diameter and it rotates on a ring bearing with an outer 
diameter of 112.2 cm (44.2") and an inner diameter of 101.6 cm (40"). It is driven by a 30-
tooth pinion gear with a 25.4 cm (10") pitch diameter. The drive system that operates the 
pinion gear is described later in this section. 
The mounting plate is 2.54 cm (1 ")thick steel with an outer diameter of 142.2 cm (56") 
and an inner diameter of 96.5 cm (38"). The plate is connected by 32 equally spaced bolts to 
the outer rotating section of the slewing gear. There are four locations spaced 90° apart with 
a series of six through holes, three near the inner diameter edge and three near the outer 
diameter edge. These holes are used to bolt the X-ray equipment support structures to the 
mounting plate. 
The pinion gear is driven by a Parker TS43B-DKNPS stepper motor connected to a 
Parker GTN142-025S7-MOOO planetary gearbox with a 25:1 gear ratio. Figure 4.8 shows 
how the stepper motor and gearbox are attached underneath the slewing ring. Limited space 
is available around the slewing ring to fit the pinion gear, motor, and gearbox. There was not 
enough room to fit a similar right-angle gearbox on the floor of the X-ray imaging room next 
to the slewing ring. Also, ifthe gearbox and motor were on the floor of the imaging room, 
there would have been interference issues with the X-ray equipment supports. A steel C-
channel was welded to the frame of the X-ray vault supports to attach the gearbox and motor, 
as shown in Fig. 4.7. A coupling (shown in Fig. 4.7) and shaft extension are required for the 
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pinion gear to be at the same level as the slewing gear. The motor is controlled by a Parker 
ZETA6112 microstepping drive unit which interfaces to the computer program developed in 
a companion project. Refer to Striegel (2005) for more information on the ZETA6112 drive 
unit and the computer interface. 
All of the equipment described so far in this section was already designed and/or selected 
prior to the beginning of this thesis. However, the need for a set of rotation limit switches 
was not addressed. The various cords that ran from the X-ray equipment to the outside of the 
vault could not wrap around the bubble column or the vertical lift. Rotation limit switches 
would prevent this from happening. Figure 4.9 shows the two limit switches and the support 
structure that was designed for them. The two switches are slightly offset from each other so 
that when one switch is activated, the other does not. If both switches were activated 
simultaneously, the slewing ring would be unable to move. There is a small, thin piece of 
aluminum attached to the inside of one of the box beam arms that is part of an X-ray source 
support structure. This aluminum piece trips the arms on the limit switches, one in each 
direction. The switch on the left of Fig. 4.9 prevents further clockwise rotation, while the 
switch on the right prevents further counterclockwise rotation. This also represents the 
starting point for a CT scan. The cords run down the column in one bundle and rest against 
the side of the vertical lift at the starting point. Then they are free to rotate around until they 
come near the end of a full rotation. The cords then rest against the other side of the vertical 
lift. During the tests performed in this study, it was observed that when the bubble column is 
raised higher up on the vertical lift, there may be an issue with the cords snagging on the 
comer of the plate where the bubble column rests. Further modification of the plate may be 
needed, such as adding objects with rounded comers near the comers of the plate. 
One more issue came up after all of the X-ray equipment supports were installed on the 
slewing ring. The pinion gear needed to be shielded to prevent anything from getting caught 
between the gears, especially if a cord came loose from the equipment supports. Figure 4.10 
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shows the gear shielding that was fabricated for this purpose. It is composed of sheet 
aluminum and provides adequate room for the pinion gear to rotate. The object that is the 
closest to striking the shielding is the aluminum piece that trips the rotation limit switches. 
The distance separating the two is 1.9 cm (0.8"). All of the cords are secured with zip ties to 
prevent them from hanging lower than that point, but the shielding is in place as a safety 
precaution. 
The slewing ring system provides a consistent 360° rotation that is repeatable, a very 
important part of the CT scan process. The slewing ring motion is automatically controlled 
and has motion limits to prevent any damage to the cords that pass down its inner diameter 
edge. It also provides a strong anchoring point for the X-ray equipment support structures. 
The next section describes these X-ray equipment supports in more detail. 
4.3 X-ray Equipment Supports 
The X-ray sources and image intensifiers were already selected before this project began, 
but the supports needed to be designed. The supports for the drive motor system had to be 
designed as well. The cords that run from the X-ray equipment to areas outside the vault 
needed to be handled safely. This section describes how and why these equipment supports 
were designed and installed. 
Several factors were addressed during the design process. The X-ray sources and image 
intensifiers require alignment in such a way that the center of the X-ray source is on the same 
plane as the center of the image intensifier. This allows the cone beam to spread and cover 
the entire imaging region of the image intensifier. Therefore, vertical positioning of these 
devices is important. To minimize magnification effects, the distance between the X-ray 
source and object should be as close as possible to the distance between the source and 
detector. A number of tradeoffs were considered in setting the distances, including the 
limited size of the X-ray vault, the size of the object being analyzed, the size of the X-ray 
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detector, and the size of the X-ray tube focal spot. One way to best satisfy these tradeoffs is 
to have the X-ray source be as far away as possible from the center of rotation. If smaller 
objects are studied, there may be a need to bring the X-ray source closer to the object that is 
being analyzed. Therefore, the X-ray source and its support should have radial adjustment 
capabilities. The image intensifier should also have radial adjustments to be able to slide as 
close as possible to the object being imaged during CT and be moved back when not in use. 
These positions should be repeatable as well. Therefore, a horizontal slide was designed for 
the image intensifiers. Finally, the X-ray sources, 120-V electrical outlets, and CCD cameras 
all have cables that run from the device to outside of the vault. A cable guide was designed 
and constructed to control the path of the cords, prevent them from tangling on either the 
bubble column or the vertical lift, and relieve some of the tension on the cords themselves. 
Figure 4.11 shows the X-ray source along with its additional lead shielding and supports. 
The main support structure is a 1.27 cm (0.5'') thick aluminum plate 35.6 cm (14") wide by 
22.9 cm (9") long with two 91.4 cm (3 ft) long aluminum box beam arms welded to it. The 
aluminum plate is bolted directly to the mounting plate. Eleven clearance holes are drilled 
every 5.08 cm (2") from the end of the box beam arms to allow for the four 1.27 cm (0.5'') 
threaded rods that hold the base plate where the X-ray source rests. This plate can be moved 
up or down by adjusting the nuts above and below this plate. This allows for vertical 
positioning of the X-ray source. In addition, a plastic collar wraps around the X-ray source 
above the box beam arms to keep the source pointed in the right direction and prevent it from 
rotating. 
The X-ray source support structure required modifications after the major design 
requirements were satisfied. Two 120-V electrical outlets were needed to accommodate the 
CCD camera power supplies and the image intensifier power supply. An anchored location 
that moved with the motion of the slewing ring was necessary. It was determined that the 
side of the box beam arms on the X-ray source support was the ideal location. 
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After the first simultaneous radiographic tests, a fair amount of "crosstalk" between the 
X-ray sources and image intensifiers occurred. This crosstalk was most likely caused by an 
X-ray beam from one source reflecting off of the bubble column's surface and impacting the 
image intensifier that was not aligned with that source. In order to obtain simultaneous 
radiographic images, the X-ray radiation that one image intensifier receives should only 
come from the X-ray source that is located directly opposite of itself. To help alleviate this 
problem, a set of horizontal and vertical lead shutters were developed. These shutters consist 
of 0.64 cm (0.25") lead mounted on 1.27 cm (0.5'') plywood. The set of shutters closer to the 
slewing ring (see Fig. 4.11) can slide back and forth for easy horizontal adjustment. The 
other set of shutters is connected to threaded rods and can be adjusted vertically. These 
shutters have successfully reduced the amount of crosstalk among the X-ray sources and 
image intensifiers. 
Figure 4.12 shows the image intensifier along with its supports and additional equipment. 
The rails are 1020 T-slotted Extrusion rails from 8020 Inc. and four 10 Series double flange 
linear bearings (also from 8020 Inc.) that connects to the aluminum plate on which the image 
intensifier rests. Two bolt "stoppers" are located on the side of the rails. Each of these 
stoppers allow for a repeatable positioning of the intensifier. The intensifier can be slid 
forward up against the front stopper or slid back to rest against the back stopper. The 
forward position is for CT, while the rear position is for radiography and for when the system 
is not in use. A T-handled brake is tapped into the side of one of the linear bearings so the 
intensifier's position can be locked down. The CCD camera is attached to the image 
intensifier top and protected by a lead shielded box with an open top to allow adequate heat 
ventilation. The camera power supply rests on the support plate behind the image intensifier. 
Also, additional lead shielding is installed around the image intensifier body to provide a 
"beam stop". The image intensifier power supply rests on the top of the slewing ring, in 
between the two image intensifiers. This power supply was custom designed by Dr. Terry 
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Jensen and individually powers each intensifier. During a CT scan, the image intensifier not 
being used can be turned off while the other intensifier remains on. 
Figure 4.13 shows the cord collar and cable guide that was designed to control cord 
movement and relieve cord tension. The types of cords are highlighted in Fig. 4.13 . The 
coolant cables, power cords, and camera cords are brought together to one area. Each set of 
cords is secured by a zip tie to the small angle aluminum brackets immediately before 
dropping down the edge of the slewing ring. A piece of foam rests below the cords so no 
sharp comers cut into the cords. The cords are then bundled together by a 7.62 cm (3") 
diameter plastic collar lined with foam. This collar has a flange on each side that connects a 
heavy chain up to the angle aluminum brackets. The chain is pulled tight so the tension on 
the cords is relieved. This prevents premature wearing and cracking of the cords that could 
exist if the cords simply hung over the edge. These cords are zip tied together at various 
intervals down the length of the vault so the group stays together. Then the cords exit the 
vault through the pass box, as shown earlier in Fig. 4.3. 
Equipment supports were designed with specific criteria in place before the design began. 
After the supports were built and installed, some modifications were made due to unforeseen 
problems, but those problems have all been resolved. The X-ray sources and image 
intensifiers can be adjusted both horizontally and vertically to ensure they are properly 
aligned and to allow for different X-ray imaging methods. Sufficient lead shielding was 
added to prevent X-ray crosstalk, protect sensitive equipment, and lessen the exterior 
radiation. The various cords that run to the equipment on the slewing ring are controlled to 
prevent interference with any other equipment, including the vertical lift system. The next 
section contains descriptions of the vertical lift system designed in this project. 
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4.4 Vertical Lift 
In order to fully understand the behavior of a multiphase flow in a bubble column, it is 
desired to analyze different vertical locations of the bubble column. An electric winch-
powered vertical lift was designed and constructed in this project to move different areas of 
the column into the X-ray imaging area. Parts of the vertical lift are also used to stabilize the 
column during operation. This section will highlight the major components of the vertical 
lift and how they addressed the various design needs. 
Figure 4.14 shows a Solidworks schematic of the vertical lift with the bubble column in 
place along with a picture of the lower section of the vertical lift. The bubble column rests 
on a 0.95 cm (0.38") thick steel plate that measures 45.7 cm (18") by 50.8 cm (20"). This 
plate is attached to a platform that has a forged steel eyebolt which connects the platform to 
the 0. 79 cm (0.31 ") diameter wire rope, which has a weight limit of 43 .6 kN (9800 lbs). The 
wire rope travels up to the top of the lift, around a stainless steel sheave, and back down to 
the bottom where it is wrapped around a drum on a winch. A Them model 4 771 electric 
winch powers the vertical lift. The winch either wraps or unwraps the wire rope from around 
its drum, causing the platform to raise or lower, respectively. The winch is capable of lifting 
up to 8.9 kN (2000 lbs). The bubble column weighs about 1.2 kN (280 lbs) empty and about 
4.9 kN (1100 lbs) when full of water. As an extra precaution, the bubble column is only 
raised or lowered when it is empty. The winch is operated with a control box at the end of a 
1.8 m (6 ft) cord that has been modified to allow for three motion limit switches that have 
been added to the vertical lift. 
The three motion limit switches prevent the vertical lift from either traveling too far on its 
track or raising the bubble column too high so it hits the ceiling above the X-ray vault. There 
are two limit switches installed on the vertical lift itself and one at the ceiling above it. The 
two limit switches on the vertical lift are the same type of switch as the rotation limit 
switches on the slewing ring. One of them is installed near the ground level so the bottom of 
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the platform does not impact the ground. The other switch is near the top of the lift so the 
eyebolt does not hit the sheave. This allows the maximum amount of travel without any 
damage to the system. The limit switch on the ceiling is a Radio Shack infrared sensor that 
focuses its invisible beam about six inches below the ceiling and across the approximate 
center of the "chimney" opening. When the edge of the bubble column breaks the path of the 
beam, the upwards motion of the vertical lift is stopped and cannot be raised any further. 
This prevents the bubble column from impacting the ceiling. 
In addition to raising or lowering the bubble column, the vertical lift also provides 
stability once the bubble column is in place. Two Unistrut Pl 777 brackets support the 
platform from underneath, as indicated in Fig. 4.14. These brackets can support 5.3 kN 
(1200 lbs) each, providing a maximum support load of 10.7 kN (2400 lbs). In addition, two 
Unistrut P1325 brackets connect the flanges of the bubble column to the frame of the vertical 
lift. These brackets are for stability only and are not intended to support any vertical load. 
Two flanges can be stabilized if the platform is located in the bottom half of the lift. 
Otherwise only one flange can be stabilized. These supports must be removed when the 
bubble column is moved and refastened once it is in position. 
While the vertical lift can stabilize the bottom portions of the column, the top portion 
required stabilization as well. Figure 4.15 shows the clamp that was designed in this project 
that secures around the bubble column. In this figure, the flow is quite turbulent as 
evidenced by the large bubble escaping the surface. Without the clamp, the column would 
vibrate back and forth in the upper regions. Not only could the vibrations potentially damage 
the bubble column, but imaging the column would become problematic. The clamp is hinged 
on one end and wraps around the column to the other side where it is secured by three large 
bolts. The inside of the clamp is lined with rubber to distribute the clamping force and to 
provide a softer surface for impact. The vibrations in the bubble column are significantly 
reduced with this clamp in place to the point where they are not noticeable even at high 
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superficial gas velocities. The hinge makes removing the clamp easier as well. The two 
halves of the clamp can be pushed out to provide clearance for the bubble column when it 
needs to be moved up or down. Then they can be pushed back together and reattached, 
which means that one person alone could reassemble the clamp. The clamp cannot be used if 
the flanges of the bubble column are in the path of the clamp, but since a large volume of the 
bubble column can be imaged at once, the bubble column can be adjusted up or down to 
make sure this does not happen. 
The vertical lift system provides a simple solution to imaging different vertical regions of 
the bubble column. The built in safety limit switches help prevent the possibility of 
damaging either the vertical lift or the bubble column during movement. The vertical lift 
also provides a source for stability while the bubble column is in operation. With all of the 
pieces in place in the X-ray imaging facility, X-ray imaging demonstrations could now begin. 
The next chapter discusses these demonstrations. 
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Figure 4.1: 
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Figure 4.3: Pass box on outside wall of X-ray vault. 
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Figure 4.5: (a) XSafe X-ray interlock device. (b) Emergency stop box in imaging room. 
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Figure 4.8: Slewing ring stepping motor and planetary gearbox. 
55 
Figure 4.9: Slewing ring rotation limit switches. 
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Figure 4.11: X-ray source and supports. 
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Figure 4.14: Vertical lift schematic. 
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Figure 4.15: Bubble column clamp. 
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CHAPTER 5: X-RAY IMAGING DEMONSTRATIONS 
This chapter contains two main sections. The first section describes some of the X-ray 
CT demonstrations that were performed using the X-ray flow visualization facility. The 
second section describes some of the X-ray radiography demonstrations that were performed 
using the facility. Note that any image correction techniques mentioned in this chapter are 
discussed in greater detail in a companion study (Striegel, 2005). 
5.1 Computed Tomography Demonstrations 
X-ray CT demonstrations were completed for both static and dynamic systems within the 
32 cm bubble column. The following discussion is contained in three subsections. The first 
subsection describes the imaging demonstrations of a static system using a phantom object 
contained in the bubble column. The second subsection describes the imaging 
demonstrations of a dynamic system of air-water and air-water-fiber flows within the bubble 
column. The third subsection compares some of the results from the air-water system to 
those contained in the literature. 
5.1.1 X-ray CT of a Phantom Object 
Similar to Schmit and Eldridge (2004), a phantom object was developed to determine 
characteristics that are important to X-ray CT images in bubble columns. A device was 
constructed consisting of several tubes 1.52 m (5 ft) in length and of varying diameters as 
shown in Fig. 5.1. The inner diameters of the tubes vary from 0.13 mm to 15.88 mm, and the 
tubes are plugged on one end. The tubes are mounted in a frame and lie in the same vertical 
plane. The frame rests on top of a bubble column section, and the column is filled with water 
to a level above the top of the imaging region. The plugged ends of the tubes rest in the 
water, so the tubes are filled with air only and surrounded by water. CT scans of this 
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phantom device were taken to quantify the difference between air and water in the column. 
The voltage was set at 141 kV and the current was set at 1.0 mA for both the physical 
phantom images and the gas-liquid distribution images (discussed in Section 5.1.2). For 
these scans, the CCD camera was set at 1 x 1 binning, corresponding to 1388(H) x 1024(V) 
active pixels. Reconstruction was also completed with linear pixel normalization and 
unwarping, but the image has not been corrected for beam hardening. For more information 
on these image reconstruction processes, see Striegel (2005). 
A horizontal slice from one CT scan of the phantom object is shown in Fig. 5.2a. The 
image has been cropped to a region that approximates the column inside diameter. The faint 
rings identified as "A" in Fig. 5.2a are ring artifacts and are a result of the CT reconstruction 
caused by pixel nonuniformity that is not completely accounted for using the pixel 
normalization routine. Different pixel normalization algorithms will reduce ring artifacts, but 
not completely eliminate them. Eight different tubes are identified in Fig. 5 .2a, and they are 
composed of acrylic (tubes 1, 3, 5, 7, and 8), PVC (tubes 4 and 6), and Teflon (tube 2). Only 
those tubes with internal diameters greater than or equal to 6.35 mm are adequately resolved 
with the given imaging parameters. The five smaller tubes, which range in ID from 0.13 to 
1.6 mm, do not appear in the reconstruction. For a 32 cm diameter column, this corresponds 
to a contrast sensitivity of at least 2%, which is quite good for CT imaging. Note that tubes 
smaller than 6.35 mm ID but larger than 1.6 mm ID may be resolved, but no standard size 
tubes in this range were available. Identifying a 1.6 mm tube would be quite difficult since it 
would account for only two or three pixels in a CT image. Note that tube 5 actually has a 
square cross-section, whereas all the other tubes have a circular cross-section. 
The pixel intensity values in the CT slice in Fig. 5.2a represent the linear X-ray 
attenuation coefficients. In Fig 5.2b, the CT values higher than those representing the air 
inside the tubes have been filtered from the image and multiple slices have been stacked 
together to represent the air volume within the tubes over a 10 cm span. As shown in Fig 
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5.2b, tube 8 does not appear to be cylindrical, although it actually is. The distorted 
reconstruction of tube 8 is a combination of beam hardening, which is more evident near the 
column walls, and the thresholding used to filter specified CT values in the three-dimensional 
visualization software. 
The X-ray imaging of a phantom object has provided a clear distinction between air and 
water in the CT scans of the 32 cm bubble column. The next step is to take time-averaged 
scans of air-water and air-water-fiber multiphase flows in the bubble column. 
5.1.2 X-ray CT of Multiphase Flow in a 32 cm Bubble Column 
Several X-ray CT scans of multiphase flows in a 32 cm bubble column were completed 
using different flow conditions. Superficial gas velocities of 3, 10, and 18 cm/s were studied 
for each multiphase flow. The multiphase flows used were air-water, air-water-hardwood 
fiber at 0.1 % and 1.0% fiber mass fractions, and air-water-Rayon fiber at 0.1 % and 1.0% 
mass fractions. The following section discusses the results of the scans by identifying the 
regions of the CT scans and reporting the CT values and corresponding estimated gas holdup 
from each scan. For more detail on how gas holdup is calculated from the CT values, refer to 
Striegel (2005). 
Figure 5.3 shows CT scans of an air-water system at superficial gas velocities ofO, 3, 10, 
and 18 cm/s. These images have been corrected for beam hardening as outlined by Striegel 
(2005). A dashed line representing the approximate location of the inside of the column wall 
has been added to each CT image. Theoretically, the water only image should have a 
constant linear attenuation coefficient, so image corrections have been made to reconstruct 
the image as close as possible to a constant value. Ring artifacts will occur in third-
generation scanning (Ketcham and Carlson, 2001), and while they have been reduced, they 
have not been completely eliminated. The dominant X-ray absorbing material in all cases is 
water, so the linear attenuation coefficient at a given radius can be compared to that of the 
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water-only data at the same radius. Figure 5.4 maps out the CT value of the linear 
attenuation coefficient for each of the CT scans in Fig. 5.3. The radial position shown in Fig. 
5.4 corresponds to that position on a horizontal line drawn through the images in Fig. 5.3 and 
are coincident with the column center. These values have been approximated by a fourth-
order polynomial curve fit except for the water-only scan, which is a linear curve fit. Beam 
hardening causes the CT values nearest the wall to vary greatly, so to simplify the results, the 
curve fits ignore the 15 mm closest to each side of the wall. By comparing the water-only 
image to those with Ug = 3, 10, and 18 cm/s, it is apparent that the linear attenuation 
coefficient decreases as the superficial gas velocity increases. This change occurs primarily 
in the column center. The linear attenuation coefficient correlates inversely with gas holdup; 
hence, Fig. 5 .4 represents an increase in local gas holdup as superficial gas velocity 
increases, which is expected. 
Figure 5.5 displays the calculated gas holdup values for the air-water system at the three 
superficial gas velocities. Note that approximately 15 mm closest to the wall (±160 mm) on 
each side of the graph does not contain values since they were not considered in the CT value 
analysis due to the large errors introduced by beam hardening. Time averaged gas holdup 
values in the column near the wall region are very small and assumed to be zero for this 
study. Gas holdup was calculated using (Striegel, 2005): 
(5.1) 
where µ represents the linear attenuation coefficient for the data set of interest and cp 
corresponds to the volume fraction in the liquid-solid slurry (i.e., when no gas is present). 
The term that combines the liquid and solid phases corresponds to the linear attenuation 
coefficients generated by a CT scan of a homogeneously mixed water-solid slurry. However, 
acquiring a CT scan of the liquid-solid slurry with no gas present cannot be done since the 
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fiber separates out over time. The overall decrease in measured X-ray intensity was observed 
to be approximately 5% lower in the 1.0% mass fraction slurry than that of an air-water 
system. For calculating gas holdup, the liquid-solid term was assumed to be equal to that of 
water only, which introduces an uncertainty of± 5% (Striegel 2005). Figure 5.5 verifies that 
as superficial gas velocity increases, the local (and overall) gas holdup increases. Local gas 
holdup is higher in the center of the column than near the column walls. This trend has been 
observed by others (Shollenberger et al.; 1997, George et al., 2001). 
A similar analysis was completed for both hardwood cellulose fiber and 3 mm long 
Rayon fiber. Figures 5.6 and 5.7 display the CT scans taken for an air-water-hardwood 
system and an air-water-Rayon system, respectively. Three superficial gas velocities of 3, 
10, and 18 cm/s and two fiber mass fractions of 0.1 % and 1.0% were analyzed for each fiber. 
CT values versus radial position for hardwood are shown in Fig. 5.8 for both mass fractions 
and the three superficial gas velocities. The CT values for 3 mm Rayon fiber are shown in 
Fig. 5.9 for both mass fractions and all three superficial gas velocities as well. The resulting 
radial gas holdup distribution for the hardwood fiber slurries compared to those of air-water 
at the same superficial gas velocities are shown in Fig. 5 .10. Similar graphs of gas holdup 
values for Rayon fiber slurries compared to air-water gas holdup values are shown in Fig. 
5 .11. From these figures , it is observed that increasing the superficial gas velocity causes an 
increase in overall gas holdup for all slurries. However, for both hardwood cellulose and 
Rayon fiber slurries, a 0.1 % fiber mass fraction causes a slight increase in overall gas holdup 
when compared to an air-water system at similar superficial gas velocities, but a 1.0% fiber 
mass fraction causes a decrease in overall gas holdup when compared to an air-water system 
at similar superficial gas velocities. An additional analysis of softwood cellulose fiber was 
performed in a companion study by Striegel (2005). A comparison of the gas holdup at Ug = 
10 cm/s for hardwood, softwood, and Rayon fibers is provided in Fig. 5.12. This figure 
shows that the fiber type influences the local gas holdup distribution only at higher fiber 
67 
mass fractions. Rayon produces the highest local gas holdup, while softwood produces the 
lowest local gas holdup. However, even at a mass fraction of 1 %, the effect of fiber type is 
not too significant. 
An overall gas holdup value can be calculated from the radial gas holdup distribution. 
Table 5 .1 lists the area weighted average of the local gas holdup to determine the overall gas 
holdup for each slurry in this study and from Striegel (2005) (note that tables in this thesis 
are listed at the end of the chapter but before all of the figures). The area weighted average 
value is calculated by 
A WA = _L_P_(_2m-_)_~_.P 
Ic2m-)~p (5.2) 
where pis the local gas holdup value at a given pixel, r is the radial location of the pixel, and 
~p is the pixel thickness. Note that the uncertainty in these gas holdup values was estimated 
to be ±5%. This uncertainty is due mainly to the assumption that the liquid-solid term in the 
gas holdup equation is approximately equal to that of water only. The pixel intensity 
difference between an air-water-fiber slurry and an air-water slurry at low superficial gas 
velocities is approximately 5%, which accounts for the majority of the uncertainty in the 
results (Striegel 2005). Table 5 .1 also contains the local gas holdup values in the same 
vertical region obtained at similar operating conditions by Hol (2005) using the pressure 
difference method. The results show relatively good agreement with the gas holdup values 
obtained in this study. 
5.1.3 Comparison to the Literature 
Kumar et al. (1997) used gamma ray computed tomography to study the effects of 
column diameter, superficial gas velocity, and distributor type on gas holdup and its 
distribution in an air-water bubble column. Part of their study included measurements in a 
13.9 cm ID bubble column using a perforated plate with an open area of 0.05% (61 holes 0.4 
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mm in diameter). Kumar et al. studied superficial gas velocities of 3.8, 9.5, and 16.9 cm/s, 
similar to the three superficial gas velocities analyzed in this study. A graph comparing the 
radial distribution of gas holdup in an air-water system between Kumar et al. and the present 
study is shown in Fig. 5.13. The radial distribution from Kumar et al. is jagged because they 
only provided gas holdup values at specific column radius locations in order to compare to 
another study. Both studies follow the trend of gas holdup increasing with superficial gas 
velocity. The gas holdup values are lower in Kumar et al. than in the present study. This is 
more than likely due to the much smaller distributor open area used in Kumar et al. (0.05%) 
compared to the open area in the present study (0.95%). Also, the column diameter in 
Kumar et al. (13.9 cm) is smaller than the column diameter in the present study (32.1 cm). 
5.2 Radiography Demonstrations 
X-ray radiographic demonstrations were completed using moving objects within a water-
filled 32 cm column. The following discussion is contained in two subsections. The first 
subsection discusses the radiographic imaging of a large rubber ball suspended from a fishing 
line as it sank through the water-filled column. The second subsection discusses the 
radiographic imaging of large air bubbles rising up through the water-filled column. 
5.2.1 X-ray Radiography of a Falling Object 
A rubber ball with a 5.08 cm (2.0") diameter was used for the first X-ray radiography 
demonstration. An eyebolt was inserted into the rubber ball in order to tie the end of the 
eyebolt to fishing line. This allowed the ball to be dropped through the water-filled column 
and then pulled back up again without difficulty. The density of the rubber ball and the 
eyebolt is greater than water, thus allowing a contrast in the CT image to distinguish between 
the water and the rubber ball and eyebolt. The falling velocity of the ball was theoretically 
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calculated and then estimated by obtaining the time it took for the ball to descend in the 
water through one column section. 
Assuming that the ball is moving at its terminal velocity, the following equation applies: 
(5.3) 
where Wis the weight of the rubber ball, F0 is the drag force on the ball, and FB is the 
buoyancy force. The rubberball and eyebolt weigh 0.86 N (0.19 lb). The buoyancy force is 
determined by: 
(5.4) 
where 'YHzo is the specific weight of water, 9800 N/m3 (Crowe et al., 2001), DB is the 
diameter of the rubber ball, and VB is the volume of the rubber ball. The buoyancy force is 
calculated to be 0.65 N. Using Eq. 5.3, the drag force on the rubber ball should be 0.21 N. 
The drag force is defined in Crowe et al. (2001) as: 
(5.5) 
where PH2o is the water density (1000 kg/m3), U is the ball velocity, and Co is the coefficient 
of drag. The coefficient of drag depends on the Reynolds number, which depends on the 
velocity. Using an estimated coefficient of drag of 1.0, the calculated ball velocity is 46.1 
cmf s with an uncertainty of ±0.49 cmf s with a 95% confidence level. 
Another calculation of the ball velocity was made by timing the descent of the ball 
through a 1.22 m ( 4 ft) section of the water-filled column. The rubber ball was released 
before the beginning of the section in order for the ball to reach its terminal velocity. The 
average speed of the ball was then calculated by dividing the section length by the time it 
took for the ball to descend through that section. Twenty timed runs were performed and the 
results are shown in Fig. 5 .14. The average velocity for the twenty timed runs was calculated 
to be 46.0 emfs, with an uncertainty of ±0.70 cm/s with a 95% confidence level. This is only 
a 0.3% difference when compared to the theoretically calculated velocity value. 
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With these velocity values available, a velocity analysis of the rubber ball in the 
radiographic images can be performed. Figure 5 .15 shows the rubber ball and eye bolt 
suspended in air above the level of the water. Since the diameter of the ball is known (5 .08 
cm), the effective pixel size can be determined by counting the pixel length of the ball in the 
image. This can be easily done through software developed by Striegel (2005). There are 60 
pixels from the top of the rubber ball to the bottom, corresponding to an effective pixel 
length of approximately 11.8 pixels/cm. Note that the faint image next to the rubber ball in 
Fig. 5.15 is one of the column plugs that cover the holes where the pressure taps used in Hol 
(2005) are located. 
X-ray radiographic images of the rubber ball falling through a water-filled column were 
taken at 4 x 4 binning, which allowed a frame rate of 40 frames/second. Figure 5.16 shows 
three images from both cameras corresponding to consecutive images of the ball dropping 
through the column. These images have been modified by subtracting out an "empty frame" 
from the image in order to highlight the ball. The approximate locations of the ball in each 
image have been highlighted by an arrow and by a dashed circle. Note the dashed circle does 
not represent the location of the ball surface, but the ball is within this region. Several 
frames were analyzed from both cameras from three trial runs. This analysis provides 50 
velocity estimates for the ball by estimating the velocity of the top and the bottom of the ball. 
Determining the top and the bottom of the ball is difficult since the edge of the ball is not 
clearly defined in the radiographic images. The average error from calculating the diameter 
of the ball in each image was 5.4%, or approximately 3.5 pixels. At 4 x 4 binning, this will 
cause the most variation in the velocity calculation. 
Figure 5.17 shows the frame-by-frame analysis of the rubber ball descent velocity in the 
water-filled column. The average descent velocity using this method was determined to be 
49 .5 cm/s with an uncertainty of± 1.8 cm/s with a 95% confidence level. Both the descent 
velocity and standard deviation are larger than the values found in the timing method, but this 
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is expected due to the errors associated with estimating the ball's position in the image. The 
difference between the frame analysis velocity value and the theoretical value is 
approximately 7%. Since the timed value and the theoretical value were very similar, the 
frame analysis velocity is more than likely an overestimate of the true ball velocity. 
However, both the timed value and the theoretical value of the velocity reside within the 
standard deviation of the image analysis velocity value. 
5.2.2 X-ray Radiography of Rising Large Bubbles 
Another analysis was performed similar to the rubber ball drop but using a large bubble 
instead. The bubble column was filled with water above the level of the imaging region, and 
then the air was turned on to a superficial gas velocity of 15 cm/s. The air was then turned 
off with a ball valve and all the air was allowed to escape the water. Then the ball valve was 
thrown open to release a sudden burst of air, referred to as an "air burp" throughout this 
section. This sudden release of air coalesced quickly to form one large bubble that spanned 
almost the entire column diameter, as shown in Fig. 5 .18. 
A theoretical calculation of the air burp velocity is difficult since the shape of the bubble 
is constantly changing and non-repeatable. However, timed measurements were taken and 
can be compared to the radiographic analysis. Twenty time measurements were taken by 
observing when the peak of the bubble passed two consecutive flanges on the bubble column. 
The resulting velocities from these timed measurements are shown in Fig. 5.19. The average 
velocity for the air burp was calculated as 67 .3 cm/s with an uncertainty of± 1.1 at a 95% 
confidence level. 
Radiographic images at 2 x 2 binning were taken of the air burp as it passed by the 
imaging region. The air burps imaged were not the exact same air burps that were timed, and 
since the bubble formation can vary each time, the results can vary greatly. Figure 5.20 
shows consecutive radiographic images taken with both cameras as the air burp passed 
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through the imaging region. No empty frames were subtracted from these images since the 
large density difference between air and water provides enough contrast to determine the air-
water interface. The pixel location of the top of the bubble was estimated in thirteen 
different images. One trial used both cameras simultaneously (including the images seen in 
Fig. 5.20) while another used only camera 1 to allow the lead shutters to be moved out of the 
. . . 1magmg reg10n. 
Figure 5.21 shows the frame-by-frame analysis of the air burp through the water-filled 
column. The average velocity in this method was determined to be 67.7 cm/s with an 
uncertainty of ±5.3 cm/s with a 95% confidence level. The percent difference between the 
timing method and the radiographic method is only 0.6%, but the uncertainty in the 
radiographic method is 7.8% of the average velocity value. Estimating the pixel location 
introduces the most error in this calculation, which explains the large uncertainty value. 
5.3 Summary of Results 
X-ray computed tomography and X-ray radiography demonstrations have been taken to 
show that the X-ray equipment operates safely and accurately. Preliminary calculations 
suggest that the results obtained for both gas holdup and settling velocities are very similar to 
the values found by other researchers and values calculated through equations and timing 
estimates. A summary of the velocities and uncertainties from these tests can be found in 
Table 5.2. These demonstrations are a very small sample of the X-ray imaging needed to 
completely validate the X-ray visualization facility, but they are a good start to the validation 
process. 
Table 5.1: 
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Area weighted average gas holdup values for air-water, air-water-Rayon fiber, 
air-water-hardwood cellulose fiber, and air-water-softwood cellulose fiber 
slurries, with comparisons to Hol (2005). 
Overall Average Gas Holdup 
Ug = 3 cm/s Ug = 10 cm/s Ug = 18 cm/s 
Air-water 0.14 0.18 0.20 
0.1% Rayon 0.15 0.18 0.21 
0.1 % Hardwood 0.16 0.18 0.21 
0.1 % Softwood* 0.14 0.18 0.20 
1.0% Rayon 0.12 0.17 0.19 
1.0% Hardwood 0.12 0.17 0.18 
1.0% Softwood* 0.12 0.16 0.18 
* from Striegel (2005) 
Gas holdup data from Ho! (2005) 
Ug = 3 cm/s Ug = 10 cm/s Ug = 18 cm/s 
Air-water 0.14 0.19 0.23 
0.1 % Rayon 0.14 0.21 0.24 
0.1 % Hardwood 0.14 0.18 0.21 
0.1 % Softwood 0.14 0.19 0.23 
1.0% Rayon 0.08 0.15 0.23 
1.0% Hardwood 0.07 0.13 0.22 
1.0% Softwood 0.07 0.11 0.20 
Table 5.2: 
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Results from analysis of a rubber ball falling and an air burp rising through a 
water-filled column (uncertainties are for a 95% confidence level). 
RUBBER BALL 
Method Average Descent Velocity (emfs) 
Theoretical 46.1 ± 0.49 
Timed 46.0 ± 0.70 
Frame Analysis 49.5 ± 1.8 
AIR BURP 
Method Average Rise Velocity (emfs) 
Timed 67.3 ± 1.1 
Frame Analysis 67.7 ± 5.3 
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Figure 5.1: Phantom object composed of several hollow tubes immersed in water. 
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Figure 5.2: (a) CT image of the phantom object. (b) Three-dimensional reconstructed 
image of the phantom object. 
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Figure 5 .14: Timed results for rubber ball descent through a water-filled column. 
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Column plug 
Figure 5.15: Radiographic image of rubber ball (60 pixels in length= 5.08 cm). 
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Figure 5.16: Consecutive radiographic images of a rubber ball falling through a water-
filled column using (a) camera 1 and (b) camera 2. 
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Figure 5 .17: Frame-by-frame analysis of rubber ball descent velocity in a water-filled 
column. 
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Figure 5.18: Sample "air burp" at initial Ug = 15 cm/s. 
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Figure 5.19: Timed results for air burp ascent through a water-filled column. 
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Figure 5.20: Consecutive radiographic images of an air burp rising through a water-filled 
column using (a) camera 1 and (b) camera 2. 
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Figure 5.21: Frame-by-frame analysis of air burp velocity in a water-filled column. 
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CHAPTER 6: CONCLUSIONS 
6.1 Conclusions 
A large-scale X-ray flow visualization facility was constructed to accommodate the study 
of multiphase flows within a 32 cm ID bubble column. Several components of this facility 
were designed and installed in this study. The X-ray sources and detectors are secured to the 
slewing ring and are capable of horizontal and vertical positioning. A vertical lift allows for 
the bubble column to be analyzed at different vertical locations while providing stability 
during an X-ray imaging analysis. The lead shielding surrounding the facility has been tested 
and found to be sufficient for the safety of those working around the facility. 
X-ray CT scans were performed on a phantom object to quantify the difference between 
air and water in a water-filled column. X-ray CT scans were also performed on air-water and 
air-water-fiber systems in the bubble column where the fiber was either hardwood cellulose 
or Rayon. Superficial gas velocities ofUg = 3, 10, and 18 cm/s were studied for the three 
types of flow, and fiber mass fractions of 0.1 % and 1.0% were studied for each superficial 
gas velocity and fiber type. It was determined that as the superficial gas velocity increases, 
the radial and overall gas holdup increases. Also, a 0.1 % fiber mass fraction causes a slight 
increase in radial and overall gas holdup when compared to an air-water system at similar 
superficial gas velocities, but a 1.0% fiber mass fraction causes a decrease in radial and 
overall gas holdup when compared to an air-water system at similar superficial gas velocities. 
In addition, X-ray radiography was used to determine the settling velocity of a falling 
rubber ball and the rise velocity of an "air burp" moving through a water-filled column. The 
rubber ball velocity calculated in the radiographic analysis was only 9% different than the 
velocity value calculated by a theory and by a timing analysis. The air burp velocity 
calculated in the radiographic analysis was only 0.6% different than the velocity value 
determined in a timing analysis. These imaging demonstrations are the first step towards 
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validating the X-ray flow visualization facility as a useful device for the study of multiphase 
flow characteristics. 
6.2 Recommendations 
The X-ray CT and X-ray radiography results presented in this study are only a sample of 
the possible images necessary for a complete study of a 32 cm bubble column. Different 
solid mass fractions (ranging from 0.05% to 1.80%) and superficial gas velocities (ranging 
from 1-20 cm/s) should be investigated in order to have more results to compare with the 
expansive companion study done by Hol (2005). Also, both X-ray CT and X-ray 
radiography imaging should be completed at different vertical locations of the 32 cm bubble 
column to study the effect of the distance from the distributor plate on gas holdup. In 
addition, all of these tests should be repeated with distributor plates containing a different 
open area value. 
X-ray stereographic imaging capabilities should be developed to expand the usefulness of 
the X-ray radiographic imaging techniques. The necessary equipment has been installed 
already in this study, and further developments must be made in the computer program 
developed by Striegel (2005) in order to take stereographic images. 
The X-ray vault was designed to analyze bubble columns up to 32 cm in diameter, but 
only slight modifications are necessary to analyze bubble column less than 32 cm in 
diameter. Once an adequate analysis of the 32 cm bubble column is complete, different 
diameter bubble columns should be studied to determine the effect of column diameter on 
gas holdup and other similar multiphase flow properties. 
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APPENDIX A: SOLIDWORKS FILE NAMES AND DESCRIPTIONS 
This appendix contains a list of file names and a brief description of each file that 
comprises the Solidworks assembly drawing named "X-ray Visualization Facility". A 
picture of the assembly drawing can be seen in Fig. 4.1. The files are broken down into 
categories based on subassemblies within the main assembly. Each part listed represents a 
quantity of one unless noted otherwise. Note that there are two complete subassemblies of 
both the X-ray source supports and the image intensifier supports. For example, a quantity 
indicator of " x2" next to a filename in either of these categories really indicates that there are 
four of that certain item (e.g., Arm (x2) means two support arms for each X-ray unit, 
bringing the total to four in the entire facility). 
Table A.1: Solidworks file names and descriptions. 
Subassembly or File Name Description 
Main Suooort Structures 
Floor Represents the concrete floor of 1121 Black. 
X-ray Vault Outside structure, with support posts and crossbeams. 
Telephone Box Interior structure that supports slewing ring assembly. 
Slewin11 Rim• 
Mounting Ring Steel ring that connects slewing gear to telephone box. 
Mounting Plate Steel ring that connects slewing gear to equipment supports. 
Outer Race Slewing gear's outer ring, containing the gear teeth. 
Inner Race Slewing gear's inner ring, anchored to the mounting ring. 
Rubber Seal Slewing gear's seal, between the outer race and inner race. 
Pinion Gearbox Parker gearbox connecting stepper motor to pinion gear. 
Pinion Motor Parker stepper motor that drives the slewing gear. 
10 in Gear Pinion gear with 30 teeth. 
Coupling Connects gearbox shaft with shaft extension. 
Shaft Extension Connects gearbox coupling with pinion gear. 
Pinion Gear Shielding Sidewall of the pinion gear shielding. 
Pinion Gear Shielding Top Top portion of the pinion gear shielding. 
Spacer Plate for Gearbox Mount Plate in between the gearbox and the channel. 
Channel for Gearbox Mount C-shaped piece connecting the gearbox to the telephone box. 
Rotation Limit Switch (x2) Limit switches for the slewing ring movement. 
Rotation Limit Switch Bracket Supports the limit switches on top of the telephone box. 
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Table A.1: Continued. 
X-rav Source Support (x2) 
X-ray Unit Tubehead that generates X-rays. 
Arm (x2) Aluminum box beam arms that support the X-ray unit 
New Arm Connection Connects the arms to the mounting plate. 
Bracket for X-ray Mount Wraps around the X-ray unit to prevent rotation. 
X-ray Threaded Guide Rod (x6) 3-ft long, 1/2" threaded guide rods to hold unit base, shutters. 
X-ray Unit Base Baseplate that supports the X-ray unit. 
Positioning Bracket (x4) Allow for correct alignment, stabilization of the X-ray unit. 
Lead Shutter Support (x2) Rectangular aluminum piece with grooves for lead shutters. 
Imal!e Intensifier Sunnort (x2) 
Image Intensifier X-ray detector that sends signal to CCD camera. 
Detector Connection Connects the linear guide rails to the mounting plate 
Intensifier Mounting Plate Connects the image intensifier to the linear bearings. 
Linear Guide Rail (x2) Allows intensifier mounting plate to slide horizontally. 
Double Flange Linear Bearing (x4) Slide on the guide rails; can also lock in place. 
T-Nut Profile (x2) Connect the linear guide rails to the detector connection. 
Rail End Cap (x4) Attach to the end of each linear guide rail. 
CCD Camera Sends intensifier signal to the computer outside the vault. 
Calibration Plate Support Secures and positions calibration plate against intensifier. 
Intensifier Extra Shielding Lead shielding that attaches to the body of the intensifier. 
Vertical Lift Assemblv 
Lift Main vertical structure of vertical lift. 
Motor Assembly Winch, control box, and plate that attaches winch to floor. 
Lift Plate Plate that bubble column directly rests on. 
Roller Plate Trapezoidal piece that rolls on tracks on the lift. 
L-Bracket (x2) Unistrut brackets, provide additional support once in place. 
Flanged Radial Track Roller (x4) Allow roller plate to move vertically through the lift tracks. 
Sheaves for Wire Rope Wire rope runs over this at the top of the lift. 
Stainless Steel Forged Eyebolt Attached to roller plate, connects crane hook to roller plate. 
Crane Hook Located at end of wire rope; hooked through forged eyebolt. 
Shim (x2) Pieces connecting lift to top TS connections. 
Top TS Connections Connects the lift structure to the telephone box for stability. 
Pulley Box Located on top of lift, holds sheave in place. 
Pin Connects sheave to pulley box. 
Miscellaneous Parts 
Intensifier Power Suooly Rests on mounting plate, powers both image intensifiers. 
Calibration Plate Assists with the calibration of the image intensifiers. 
Bubble Column The 32 cm ID bubble column analyzed in this study. 
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APPENDIX B: X-RAY VISUALIZATION FACILITY OPERATIONS 
MANUAL 
The large scale X-ray flow visualization facility is located in room 1121 Black 
Engineering Building. It consists of two LORAD model LPX200 X-ray sources, two DVC 
1412 digital cameras, and two 16-inch Precise Optics PS164X image intensifiers, all of 
which are mounted on a rotation ring. This system is housed in a lead-lined vault. These 
components are interfaced to a PC. Figure B.1 shows a general view of this system. 
The X-ray flow visualization facility has been designed to study and measure multiphase 
flow characteristics, with an initial focus of bubble columns. These bubble columns can 
range in size up to 32 cm internal diameter and 4 m in height. The system will be able to take 
computed tomography and stereographic data. A variety of other samples could be inspected 
when the bubble column is removed. 
The X-ray tubes have a spot size of 1.~ mm. The exit window of the source is 1 mm 
thick beryllium. The X-ray cone of illumination is 60 degrees horizontal and 40 degrees 
vertical. We have installed a collimator on the X-ray tubes to further restrict the cone of 
illumination to be slightly larger than the input diameter of the image intensifiers. This 
system is limited to a maximum power of 900 Watts. The maximum voltage is 200 kVp and 
maximum current is 10.0 mA. At 200 kVp and 4.5 mA, the X-ray flux at a distance of 50 cm 
through 0.5 inches of aluminum is 20 Rad/min. 
Safety Precautions 
The lead-lined vault is constructed from lead sheet attached to a plywood panel. The 
walls enclosing the vault are composed of% inch plywood attached to 3/16 inch lead. All 
other walls have % inch plywood surrounding 5/32 inch lead. The primary beam stops are the 
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image intensifiers and a surrounding ring attached to the image intensifiers. This ring is 
composed of Y<i inch lead sandwiched between 1116 inch aluminum. These detectors (or at 
least Y<i inch lead shielding) must be in place for any operation of the x-ray tubes. An 
additional lead collar must be in place around each of the x-ray tubes to reduce backscatter 
off the collimators. This amount of shielding is adequate for this vault (this was verified on 
5-19-04 through measurements made by Tom Zimmerman ofEH&S). Access doors have 
baffles to keep radiation leakage within regulatory limits. These doors also have interlock 
switches that must be closed to enable operation of the X-ray generator. During operation, 
radiation levels on the vault roof can exceed safe occupancy levels. Therefore, access to the 
roof is restricted. There is an infrared motion sensor located on the ladder to the roof of the 
vault that is part of the interlock circuit. Video surveillance cameras have also been installed 
in four locations of the vault to verify that nobody is inside the testing area or on the roof of 
the vault while X-rays are being generated. 
Operation of the X-ray tubes is controlled from a master interlock controller and source 
unit controllers, located on the ground level next to vault. This interlock controller is enabled 
with a key, which can be removed to prevent unauthorized use. The X-ray source unit 
controllers are key enabled as well. In order to power up the X-ray source unit controllers, 
the master interlock controller must be first enabled with the key. Then, X-ray generation is 
initiated by pressing the "Start" button on the master interlock controller. This initiates a pre-
warn sequence. After the pre-warn signal has been sent, the operator can initiate an X-ray by 
pressing the "On" button on the source unit controller. Safety circuitry in the panel requires 
that all door interlocks be closed before X-rays can be turned on. Finally, an "Emergency 
Stop" switch (mushroom type) is prominently mounted on the master interlock device. There 
is also an "Emergency Stop" switch located inside the vault as well. When X-rays are being 
generated, a red LED on the X-ray source controllers and on the master interlock controller is 
lit. In addition, an "X-RAY IN USE" sign located next to the sliding vault door is lit while 
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X-rays are being generated. An overall schematic of the vault with the interlocks highlighted 
can be seen in Fig. B.2. 
The correct operation of the X-ray tube is verified through normal use of the system. The 
integrity of the radiation shielding can be checked at any time using calibrated Geiger-
Mueller tubes available in the lab. Finally, a log of the use of the X-ray tube is maintained, 
including voltage, current, and exposure time. 
Personnel authorized to use the LORAD X-ray generators will be required to complete 
the ISU EH&S radiation training, and will be monitored under the ISU dosimetry program. 
Additional site-specific training will be provided by Group Leaders Ted Heindel, Joe Gray, 
and/or Terry Jensen, and training in the operation of the LORAD generators will be provided 
according to the manufacturer's instructions. 
Standard Operating Procedures 
The manufacturer's procedures for installation and operation of the different components 
in the X-ray visualization facility are to be followed. The following manuals, which are 
readily available in 1121 Black Engineering, are to be referenced: 
LORAD LPX200 Operator's Manual 
DVC Company Technical Manual for DVC-1412 Cameras 
Precise Optics P1002-4000 Motorized Zoom Lens Control Instruction Manual 
Precise Optics Image Intensifier Manual 
Compumotor ZETA Drive Installation Guide 
North Star Imaging, Inc. X-Safe Universal X-ray Interlock System Technical Manual 
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System Initialization 
1. Enable X-ray interlock system by inserting the key in the NSI X-Safe interlock device 
and turning to the "I" position. 
2. Enable the X-ray coolant system by inserting keys in both units 1 and 2 and flipping 
power switch to "On."(Note: In order to turn on coolant pumps, the key does not need to 
be turned to "On"). 
3. Each day, before operating MPFXIS, inspect all cables for any damage, and verify that 
all equipment is connected properly. Verify that rotation of the source-detector systems 
will not be impeded. Verify that there are no coolant leaks. 
4. Verify that the X-ray tube collimators and shielding are in place and that the detector 
and/or beam stop is mounted opposite the X-ray source. 
5. Close X-ray beam ports for the warm-up period. 
6. Disable the image intensifiers power by turning the power supply for the image 
intensifiers to the "Off' position. 
7. Make sure all interlocks are clear. This includes ensuring that the vault door is closed, 
lower lift access door is closed and that upper roof interlock is clear. 
8. Observe surveillance cameras to verify that personnel are not in radiation areas. 
9. Press the "Start" button on the X-Safe device. (Note: The unit should emit a long, high 
pitched beep and the "Pre-Warn" button should be lit; this should continue for 10 
seconds). 
10. When the X-Safe device lights the "Initiate X-ray" button, run the X-ray tubes through a 
warm-up procedure according to the manufacturer's manual. While X-rays are on, verify 
that the "X-RAY IN USE" sign, located by the vault door, is lighted. Additionally, the 
"X-RAY ON" button should be lit on the X-Safe device. The warm-up procedure will 
automatically terminate X-ray production after a preset time. 
109 
11. Open the X-ray beam ports. 
12. Apply power to the different components in the system. (Note: To enable proper 
communication between the PC and various hardware, the cameras and motion controller 
must be turned on before the FxVisual program is loaded.) 
Components include: 
- Surveillance System 
- DVC Cameras 
- Image Intensifiers 
- Motion Controller 
- Lens Controllers 
- Vertical Lift Motor 
Normal Operation 
Note: Both X-ray sources do not need to be used to collect images or CT data. Both units 
are needed only for stereography data. 
1. Place sample on vertical lift. Ensure that it is secure and centered. Consult the "Vertical 
Lift Operation Manual" at the end of this manual if movement of the lift is necessary. 
2. Make sure all interlocks are clear. This includes ensuring that the vault door is closed, 
lower lift access door is closed, and that upper roof interlock is clear. 
3. Observe surveillance cameras to verify that personnel are not in radiation areas. 
4. Set the desired voltage and current on the LORAD source unit(s). 
5. Press the Start button on the X-Safe unit. 
6. When the X-Safe device lights up the "Initiate X-ray" button, press the "On" button 
(denoted by the radiation symbol) on the LORAD source unit(s). 
7. Begin data acquisition using the FxVisual, DVCView, or PdvShow camera interfacing 
programs. 
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8. Adjust the voltage and current as needed. 
9. Press the "Off' button when finished (large red button). 
10. Record the inspection parameters in the X-ray usage logbook. 
System Shutdown 
At the end of a data acquisition session, the system should be left in a safe state. It is not 
necessary to power down all components. 
1. If there are plans to use the system within 8 hours, all systems can remain under power. 
To prevent unauthorized use of the X-ray system, the keys to the controller units are to be 
turned to the "off' position and removed for safekeeping. 
2. If no plans to use X-ray system in next 8 hours, tum off X-ray units and X-safe system 
after 5 minute cool down period. The keys in the X-ray source controls should be turned 
to the locked off position and removed for safe-keeping. However, do not power down 
the X-ray coolant pumps. Allow coolant pumps to operate for 5 minutes after data 
acquisition. (Note: Coolant pumps do not require the key to be turned to the "On" 
position to operate.) The pumps can then be turned off by switching the LORAD unit 
power switches to "Off'. 
3. Tum key in X-Safe interlock device to "O." Remove and store x-ray controller keys. 
4. Power down image intensifiers and DVC cameras if they will not be used in 8 hours. 
Emergency Situations 
If a situation arises such as a leak in the bubble column, wires getting tangled or twisted, 
a fire breaking out in the vault, or any other emergency situation, make sure to shut off the X-
ray units before entering the vault and dealing with the emergency. The large red 
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"Emergency Stop" button on the master interlock controller will stop both X-rays 
immediately when pressed. 
Vertical Lift Operations Manual 
NOTE: DO NOT OPERATE WHILE THE MOTION RING IS ROTATING! The circuit 
cannot handle the lifting and rotating operations at the same time and it will blow the circuit. 
1. After placing a sample on the vertical lift, raise or lower the lift using the orange control 
box located next to the lift. Observe the surveillance camera monitor to avoid impacting 
the ceiling with the sample (if necessary). NOTE: If using a bubble column or similar 
structure that will contain a large quantity of water, it is highly advised to lift the 
column/structure when empty. 
2. Once the lift is in the desired position, install the two Unistrut angle brackets directly 
underneath the lift plate to help support the load. This will alleviate some of the load on 
the lift cable. 
3. If applicable, fill the bubble column or similar structure with water and/or any other 
material that will occupy the structure during testing. 
4. When X-ray testing is finished, drain the bubble column or similar structure if applicable 
before raising or lowering the lift. As mentioned earlier, be careful not to operate the lift 
if the motion ring is rotating. 
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Figure B.1: X-ray flow visualization imaging room. 
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Figure B.2: Schematic of the X-ray flow visualization facility. 
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